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Abstract

Purpose: The combined hyperpolarized (HP) 13C pyruvate and urea MRI has provided a 

simultaneous assessment of glycolytic metabolism and tissue perfusion for improved cancer 

diagnosis and therapeutic evaluation in preclinical studies. This work aims to translate this dual­

probe HP imaging technique to clinical research.

Methods: A co-polarization system was developed where [1-13C]pyruvic acid (PA) and [13C, 
15N2]urea in water solution were homogeneously mixed and polarized on a 5T SPINlab system. 

Physical and chemical characterizations and toxicology studies of the combined probe were 

performed. Simultaneous metabolic and perfusion imaging was performed on a 3T clinical MR 

scanner by alternatively applying a multi-slice 2D spiral sequence for [1-13C]pyruvate and its 
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downstream metabolites and a 3D balanced steady-state free precession (bSSFP) sequence for 

[13C, 15N2]urea.

Results: The combined PA/urea probe has a glass-formation ability similar to neat PA and can 

generate nearly 40% liquid-state 13C polarization for both pyruvate and urea in 3–4 h. A standard 

operating procedure for routine on-site production was developed and validated to produce 40 

mL injection product of approximately 150 mM pyruvate and 35 mM urea. The toxicology study 

demonstrated the safety profile of the combined probe. Dynamic metabolite-specific imaging of 

[1-13C]pyruvate, [1-13C]lactate, [1-13C]alanine, and [13C, 15N2]urea was achieved with adequate 

spatial (2.6 mm × 2.6 mm) and temporal resolution (4.2 s), and urea images showed reduced 

off-resonance artifacts due to the JCN coupling.

Conclusion: The reported technical development and translational studies will lead to the first­

in-human dual-agent HP MRI study and mark the clinical translation of the first HP 13C MRI 

probe after pyruvate.
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1 | INTRODUCTION

With cancer therapeutic advancements contributing to a decrease in cancer mortality rate,1 

new diagnostic tools are needed to guide treatment selection and disease management. 

In vivo tumor biology assessment afforded by molecular imaging is essential for 

tumor phenotype characterization, treatment selection, and early evaluation of therapeutic 

response or resistance. Metabolism and perfusion are desirable imaging targets as 

altered cellular metabolism and tissue perfusion are mechanistically involved in cancer 

pathophysiology.2–4 Combined metabolic and perfusion imaging techniques, such as 

[15O]water and [18F]fluorodeoxyglucose (FDG) positron emission tomography (PET), 

have been used clinically to identify aggressive breast,5 lung,6 and cervical7 tumors 

and to evaluate tumor response to therapy.8,9 However, multi-probe PET scans require 

multiple imaging sessions as the scanner cannot differentiate signals from multiple 

radiopharmaceuticals. In contrast, hyperpolarized (HP) 13C MR has the unique capability 

of simultaneous multi-probe imaging: MR spectroscopic imaging can distinguish the signal 

of 13C-labeled metabolic products by their unique chemical shifts, allowing real-time 

assessment of multiple metabolic fluxes and physiologic processes. For instance, 13C­

labeled pyruvate and urea can be co-polarized and co-administered in a single imaging 

session,10 and have been used extensively in preclinical studies.11–17 Two HP 13C pyruvate 

isotopomers, [1-13C]pyruvate and [2-13C]pyruvate, are currently used in clinical trials to 

image tumor metabolism for improved diagnosis and therapeutic evaluation,18,19 setting the 

stage for the clinical translation of other HP 13C imaging probes.

In this work, we aim to translate a dual-probe HP imaging technique using [1-13C]pyruvate 

and [13C, 15N2]urea for simultaneous metabolic and perfusion imaging (Figure 1A). 

Pyruvate is a critical intermediate in cellular energy metabolism, positioned at the 

intersection of several metabolic pathways. The conversion rates from pyruvate to lactate, 
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alanine, CO2/bicarbonate, and other Krebs’s cycle intermediates reflect the expression and 

activity of relevant transporters and enzymes. Unlike HP 13C pyruvate, HP 13C urea is 

a metabolically inactive, extracellular probe; its MR signal is not affected by metabolic 

conversions but reflects blood flow, tissue perfusion, and volume of distribution.11,13,16,20 

The synergy between HP 13C pyruvate and urea MR is evident, as metabolism and 

perfusion often have opposite changes in disease progression and therapeutic response, 

such as enhanced metabolism but defective perfusion in high-grade compared to low-grade 

tumors,8,13,15,21 and decreased metabolism but increased perfusion in therapeutic responders 

compared to non-responders.16,22 The combined HP 13C pyruvate and urea MR could also 

evaluate tumor hypoxia, a critical biological modulator of cancer progression and treatment 

response.13,21,23 Moreover, HP 13C urea could potentially improve the analysis of HP 13C 

pyruvate metabolism kinetics by providing independent assessments on bolus arrival and 

vascular input. Additionally, [13C, 15N2]urea has the advantage of longer T1 at low field 

(mitigating polarization loss during sample transfer) and long T2 (allowing higher in vivo 

signal)24 compared to [13C] urea. Taken together, the preclinical evidence provided a strong 

rationale for the clinical investigation of simultaneous metabolic and perfusion MR with HP 

[1-13C]pyruvate and [13C, 15N2]urea.

Herein, we report the technical development and translational studies toward dual-probe HP 

MR human imaging. First, we developed a co-polarization system for 13C pyruvate and 

urea compatible with the clinical polarizer. We then systematically characterized the probe 

performance, identified and quantified the impurities in the injection product, and developed 

standard operating procedures (SOP) for routine on-site production of sterile co-polarized 

probes. Finally, we performed toxicology and preclinical imaging feasibility studies for 

clinical translation.

2 | METHODS

2.1 | Co-polarization system for clinical studies

In preclinical studies, 13C urea powder is dissolved in an excipient such as glycerol to 

generate high probe concentration (about 6 M) and provide glass-forming ability, which 

ensures the proximity between 13C nuclei and electrons at dynamic nuclear polarization 

(DNP) conditions. Next, neat pyruvic acid (PA) and urea/glycerol solution, each mixed 

with an electron paramagnetic agent (EPA), such as the trityl radical (AH111501 sodium), 

are sequentially frozen in the cryovial with minimal or no contact with each other.10 This 

approach requires delicate manual manipulation of the cryovial and loading samples in 

frozen state into the polarizer, making it unsuitable for routine on-site production for 

clinical use. Additionally, glass-forming excipients are often exogenous compounds with 

high osmolality, which are undesirable for human injection.

Based on these considerations, the co-polarization system was re-designed to eliminate 

glass-forming excipients and sequential freezing of the cryovial (Figure 1B). To prepare 

the imaging probes for DNP, [13C, 15N2]urea (GMP grade; ISOTEC, MilliporeSigma, 

Miamisburg, OH) was first dissolved in water (approximately 1:1 weight ratio) to generate 

a 9.6 M urea solution, then mixed with AH111501 (12.5 mM) before being loaded into 

the cryovial. Next, neat [1-13C]PA (GMP grade; ISOTEC, MilliporeSigma, Miamisburg, 
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OH) and a AH111501 (12.5 mM) mixture was loaded on top of urea solution. PA can 

penetrate the urea layer due to its higher density (1.28 g/mL) than urea solution (1.16 g/mL), 

resulting in a homogeneous mixture consisting of approximately 10 M [1-13C]PA, 2.5 M 

[13C, 15N2]urea, and 12.5 mM AH111501 in the cryovial.

2.2 | Differential scanning calorimetry

Differential scanning calorimetry (DSC; TA instrument, New Castle, DE) was used to 

characterize glass-formation ability of the imaging probe mixture. Neat PA and PA/urea 

mixture with a wide range of PA/urea concentration ratios (from 9.4:1 to 0.96:1) were 

studied, with a cycling temperature of −90 to 40 °C. Detailed experimental parameters are 

reported in Supporting Information Section I (available online).

2.3 | Hyperpolarization

Approximately 1.1 mL combined 13C PA and urea probe was polarized on a 5T SPINlab 

system (GE Healthcare, Waukesha, WI) operating at 0.8 K. The sample was polarized with 

139.97 GHz microwave irradiation for 3–4 h, then rapidly dissolved in 41 mL super-heated 

(130 °C), pressurized sterile water and subsequently neutralized using equivalent sodium 

hydroxide (NaOH) and Tris(hydroxyethyl)aminomethane (Tris).

2.4 | Colorimetric quantification of urea concentration

Samples with unknown urea concentration were mixed at a 1:1 v/v ratio with a dye solution 

consisting of 1.2 M p-toluenesulfonic acid and 10 mM 4-(dimethylamino)cinnamaldehyde 

(DMAC) in a cuvette of 1 cm in length. Absorbance at 527 nm wavelength was measured 

using a spectrophotometer (DH-2000-BAL, Ocean Insights, Orlando, FL), and the urea 

concentration was derived by comparing the measured absorbance to a calibration curve 

previously acquired using the same experimental set up.

2.5 | Nuclear magnetic resonance (NMR) spectroscopy

Hyperpolarized 13C NMR spectroscopy was acquired on a 1.41T bench-top NMR system 

(Oxford Instruments, UK) with the following parameters: 5° flip angle, 8000 Hz spectral 

width, 0.125 Hz spectral resolution, 8.7 s temporal resolution for total 50 repetitions. 

After the HP acquisition, the thermal equilibrium NMR signal was quantified with the 

following experimental parameters: 10% v/v D2O for locking the magnet, 1% v/v Gd­

DTPA (Magnevist®, Bayer, Whippany, NJ) and 20 s relaxation delay to fully relax 13C 

spins, 90° flip angle, and 1000 averages). Longitudinal relaxation (T1) time constants 

for [1-13C]pyruvate and [13C, 15N2]urea were estimated from dynamic HP signal after 

corrections for radiofrequency (RF) depletions of the HP signal. Liquid-state polarization 

of the HP probe was estimated by comparing the first HP spectrum’s signal to the 

thermal-equilibrium spectrum, then back-calculated to the time of dissolution using T1 time 

constants measured at 1.41T for each experiment (about 80 s for pyruvate and 50 s for urea). 
13C NMR spectroscopy of starting material and manual dissolution product was acquired at 

an 11.7T system (Bruker Avance III) to corroborate with HP NMR studies. Detailed NMR 

methods are reported in Supporting Information Section III.
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2.6 | Liquid chromatography-mass spectrometry (LC-MS)

Impurities in the co-polarized probes were analyzed using high-performance liquid 

chromatography (HPLC) coupled with quadrupole time-of-flight mass spectrometry (Q­

TOF-MS) (Supporting Information Figure S14). Two-μL of each sample was sent for 

analysis immediately after dissolution. A negative ionization mode was used. Impurity 

quantification (ug/mL) was obtained by spiking the sample with an internal reference 

standard (Impurity II) and referencing a calibration curve (Supporting Information Figure 

S15). Detailed NMR methods are reported in Supporting Information Section IV.

2.7 | Toxicology study

Four groups of male Sprague Dawley rats (2–3 mo old, 0.40–0.55 kg body weight) were 

intravenously injected with 2.5 mL over 10 s of the following solution: (I) saline control, n 

= 3; (II) HP co-polarized injection product (approximately 150 mM pyruvate, 35 mM urea), 

n = 10; (III) impurity II (5-hydroxy-5-methyl-hydantoin; 40 mM in saline), 100-fold dose 

escalation, n = 5; (IV) impurity III (5-methyl-5-ureido-hydantoin; 20 mM in saline), n = 5. 

Given that the human injection dose used in HP pyruvate clinical studies is 0.43 mL/kg body 

weight, Group II (HP co-polarized group) received a greater than 10 times dose escalation, 

and Group III and IV (impurity groups) received a greater than 100 times dose escalation. 

Animals’ vital signs, including heart rate, respiratory rate, and oxygen saturation, were 

recorded before, during, and 20 min after the intravenous injection using a pulse oximeter 

(MouseOx®; Starr Life Sciences Corp, Oakmont, PA). The animals were monitored for 

clinical signs of toxicity for 2 wk after the injection and their body weights were recorded 

during the monitoring period. Blood samples were collected before, 20 min, and 2 wk after 

the injection for complete blood count (CBC) and liver-kidney function tests. The animals 

were sacrificed 2 wk after injection for gross pathological examination.

2.8 | In vivo hyperpolarized 13C MRI

All animal experiments were performed according to the University of California, San 

Francisco Institutional Animal Care and Use Committee (IACUC) approved protocols. 

Adult Sprague Dawley rats (n = 3) were imaged following HP co-polarized injection on a 

3T clinical MR scanner (Discovery™ MR750; GE Healthcare, Milwaukee, WI). Adult rats 

were intravenously injected with 2.5 mL co-polarized [1-13C]pyruvate and [13C, 15N2]urea 

produced using the SOP described above. Dynamic MR images of pyruvate, alanine, 

lactate, and urea were acquired with volumetric coverage of the rat’s body. Pyruvate, 

lactate, and alanine images were acquired using a metabolite-selective spiral gradient echo 

(GRE) sequence as previously reported,25 with the following design parameters: 80 Hz 

RF pulse passband, 25.17 ms pulse length, 22 ms readout duration, and 88 ms repetition 

time (TR). Urea images were acquired using a balanced steady state free precession 

(bSSFP) sequence, with a non-spatially selective RF pulse with a 40 Hz passband and 

stopband, a 6 ms pulse length, and a 12.26 ms TR. The 3D stack-of-spiral readouts 

consist of 6 spiral readouts interleaved per phase encoding step for 16 phase-encoding 

steps (slices), with a 4 ms readout duration in each step to mitigate off-resonance effects. 

The following acquisition parameters were used: flip angles of lactate, alanine, pyruvate, 

and urea were 30°, 30°, 8°, 50°; 2.6 × 2.6 × 21 mm spatial resolution; 4.2 s temporal 
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resolution. 13C dynamic MR acquisitions were automatically triggered after bolus arrival 

in the kidneys, using an autonomous scanning protocol, including real-time frequency and 

B1 field calibration, implemented on the RTHawk platform (HeartVista, Los Altos, CA) as 

previously described.26

3 | RESULTS

3.1 | Imaging probe characterization

Since stable glass formation is critical for DNP, we sought to characterize the glass-forming 

ability of the combined PA/urea probe using DSC. We found that PA/urea/water mixtures 

with 4:1 PA/urea ratio can form a stable glass with glass transition temperatures (Tg) around 

−70 to −80 °C. No crystallizations during the thaw-freeze cycle were observed (Supporting 

Information Figures S1 and S2). The combined PA/urea probe exhibited similar glass 

transition behaviors to neat PA, the most used HP imaging probe (Supporting Information 

Figures S3 and S4).

We then characterized the polarization performance of the combined PA/urea probe on a 5T 

SPINlab system. The combined PA/urea probe had a solid-state build-up constant of 6340 

± 1934 s (n = 20). After 3.5–4 h of 139.87 GHz microwave irradiation, the co-polarization 

system produced liquid state polarization of 40.0 ± 5.9% for pyruvate, 39.1 ± 7.3% for urea 

(n = 21). A representative 13C NMR spectrum of HP injection product acquired on a 1.41T 

bench-top spectrometer is shown in Figure 1C.

3.2 | Standard operating procedure (SOP) development

We developed and optimized an SOP for routine on-site production of sterile co-polarized 

probes using the hardware and material that are currently used in HP 13C pyruvate clinical 

studies following with Good Manufacturing Practice (GMP) outlined in the U.S. Code 

of Federal Regulation Title 21, Part 212. Briefly, after [1-13C]PA and [13C, 15N2]urea 

are combined in the cryovial, a purpose-built, disposable fluid path (Pharmacy Kit, GE 

Healthcare, Milwaukee, WI) for dissolution is assembled (Figure 2A). The cryovial that 

contains combined PA/urea (referred to as “starting material”) is then loaded into a SPINlab 

polarizer. After 3.5–4 h of microwave irradiation, the starting material is dissolved by 

superheated and pressurized sterile water for injection (SWFI) in the dissolution syringe 

(Part A) by a computer-controlled process. The part A dissolution then passes through a 

size-exclusion filter that traps EPA, which precipitates in the presence of pyruvic acid. 

Next, the dissolution product is neutralized by NaOH and Tris in the receiver vessel (Part 

B), producing HP media at physiologic temperature and pH (referred to as “injection 

product”). Finally, the co-polarized injection product passes through a terminal sterility 

filter before reaching the administering syringe. The materials used in the co-polarized 

probe formulation and fluid path assembly are reported in Table 1 and a flowchart of the 

production process is shown in Figure 2B. Neutralization media used in the receiver vessel 

(Part B) is designed to neutralize a wide range of pyruvic acid concentrations resulting 

from the varying amount of combined PA/urea probe recovered from the cryovial. A 

bench-top titration experiment was performed to validate the pH buffer capacity of the 

neutralization media, which demonstrated the buffer system could neutralize 125–190 mM 
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pyruvic acid (Supporting Information Figure S5). The SOP was further validated by four 

consecutive successful Process Qualification trials (Supporting Information Table S1), which 

reproducibly generated over 40 mL of injection product consisting of approximately 150 

mM sodium [1-13C]pyruvate and 35 mM [13C, 15N2]urea with physiologic temperature and 

pH.

3.3 | Quality control (QC) procedures

Immediately after dissolution, pyruvate concentration, residual EPA concentration, pH, 

temperature, and volume of HP co-polarized injection product were measured by the 

SPINlab QC system in an automated process. Acceptable ranges are listed in Supporting 

Information Table S2. The concentration of urea was indirectly estimated from pyruvate 

concentration based on the molar ratio of PA to urea in the formulation. We also developed 

a colorimetric method to quantify urea concentration (Supporting Information Figure S6) 

and found the indirect estimations agreed with post-dissolution quantifications. To ensure 

the injection product’s sterility, the integrity of the terminal sterility filter was manually 

tested before releasing the injection product for administration. Endotoxin tests were also 

performed post-administration.

3.4 | Impurity investigation

Multiple low-intensity peaks neighboring pyruvate and urea peaks were observed on the 13C 

NMR spectrum of co-polarized [1-13C]PA and [13C, 15N2]urea (Figure 1C) but were not 

observed for individually polarized 13C pyruvate or urea, suggesting that these impurities 

arose from the co-polarization process. To identify and quantify these impurities, three 

sets of 13C NMR experiments were performed at 11.7T on the following samples: (1) 

individual raw materials ([13C]urea, [13C, 15N2]urea, and [1-13C]PA) for baseline structure 

elucidation and peak assignment (Supporting Information Figure S7); (2) starting material 

for co-polarization (PA/urea mixture) for impurity identification and structure elucidation 

(Supporting Information Figures S8-S11); (3) neutralized [1-13C]pyruvate and [13C, 
15N2]urea injection product for impurity quantification (Supporting Information Figures 

S12 and S13). Detailed NMR impurity analyses are reported in Supporting Information 

Section III. Three novel impurity (I, II, III) compounds were identified in the starting 

material and injection products based on their unique chemical shifts and JCC and JCN 

coupling constants (Supporting Information Table S3); their presence was also confirmed by 

liquid chromatography-mass spectrometry (LC-MS) (Supporting Information Figures S16 

and S17). These impurities are likely to be the cross-reaction product of [1-13C]pyruvic 

acid and [13C, 15N2]urea during the fluid path assembly process (Figure 3). Impurity II (5­

hydroxy-5-methyl-hydantoin) was found to be the most prominent novel impurity compound 

in the injection product (1.71 ± 0.26% molar concentration by LC-MS, and 2% by NMR), 

while the percent molar concentration of Impurity I (2-hydroxy-2-ureido-propanoic acid) 

and Impurity III (5-methyl-5-ureidohydantoin) were both estimated to be less than 0.5%. 

Based on the dose of 0.43 ml/kg used for HP 13C pyruvate studies,27 the upper range of 

doses of Impurities II and III are 1.591 µmol/kg and 0.39775 µmol/kg, respectively, for an 

injection of 150 mM pyruvate and 35 mM urea. Further, only Impurity II was observed 

on HP 13C NMR spectra (Figure 1C), consistent with the finding that Impurity II is the 

predominant novel impurity in the dissolution product by NMR and LC-MS analyses.
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3.5 | Toxicology study

We investigated the potential toxicities of the co-polarized injection products (the 

combination of pyruvate and urea) and the isolated novel impurity compounds (Impurity 

II and III). Four groups of Sprague Dawley rats were injected with normal saline (n = 3), 

co-polarized injection product (n = 10) with a 10-fold dose escalation, or isolated Impurity 

II or III (n = 5 each) with a 100-fold dose escalation. All injections were well-tolerated 

and no significant physiological effects were observed either acutely or chronically for any 

group (Supporting Information Tables S4-S6). No significant changes in body weight or 

mortalities were observed during the 2-wk monitoring period after the injection for any 

group (Supporting Information Table S7). Laboratory evaluations, including complete blood 

counts (CBC) (Supporting Information Table S8) and liver-kidney function tests (Supporting 

Information Table S9), showed no significant acute or chronic deviations from the saline 

control group, the group baselines, or reference ranges. No abnormalities of major organs 

were observed on gross pathological examination 2 wk after the injection. Finally, no 

behavioral abnormalities were observed in any of the animals studied.

3.6 | Imaging feasibility study

Although [13C, 15N2]urea offers the advantage of reduced HP signal loss during sample 

transfer, the AX2 spin system of [13C, 15N2]urea due to J coupling (JCN = 20 Hz, Figure 

1C) can cause significant off-resonance artifacts when long readout trajectories are used. 

Moreover, the in vivo spectral region of the HP co-polarized study is crowded with 

[13C] bicarbonate (163 ppm), [13C, 15N2]urea (164 ppm), [1-13C] pyruvate (171 ppm), 

[1-13C]alanine (176 ppm), [1-13C]pyruvate hydrate (181 ppm), and [1-13C]lactate (183 

ppm), making it challenging to perform dynamic, frequency-specific imaging with adequate 

spatial coverage and temporal resolution. In this study, we developed a 3D balanced 

steady-state free precession (bSSFP) sequence to image [13C, 15N2] urea, consisting of 

urea frequency-selective RF excitation pulses (Figure 4A) and interleaved stack-of-spiral 

readouts.25 This acquisition method was designed to use HP signal efficiently, minimize RF 

perturbations to other metabolites (Figure S18A), and mitigate off-resonance artifacts using 

repeated RF refocus pulses and a short readout duration (4 ms). Additionally, the 12.26 ms 

TR was designed to minimize spectral banding artifacts overlapping with other metabolites 

(Figure S18B). Pyruvate, lactate, and alanine were imaged using a multi-slice spiral GRE 

sequence as previously reported.25 Simultaneous metabolic and perfusion imaging was 

achieved by alternatively applying a multi-slice 2D spiral GRE sequence for pyruvate and its 

metabolites and a 3D bSSFP sequence for urea.

Compared to single-shot spiral GRE images of urea, bSSFP images showed considerably 

reduced image blurring due to off-resonance artifacts, where the kidney cortex can be 

distinguished from the medulla (Figure 4B,C). In the images of sum metabolite signal of a 

kidney slice (Figure 4C), lactate signal predominates in the kidney, while pyruvate signal 

predominates the vasculature (aorta and vena cava) and gastrointestinal tracts are highlighted 

on alanine images. These findings are consistent with the imaging probe distribution and 

organ metabolism profiles. A plot of HP signal dynamics of pyruvate, lactate, alanine, and 

urea in the kidney and vasculature (aorta and vena cava) is shown in Figure 4D, where 

pyruvate and urea signals peak in about 5 s in the vasculature and in about 10 s in the kidney 
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after the start of acquisition (with 5 s acquisition delay from the start of injection), whereas 

lactate and alanine signal gradually build up during the acquisition window.

4 | DISCUSSION

The interplay between metabolism and perfusion is involved in tumorigenesis, disease 

progression, and resistance to therapy, making metabolism and perfusion desirable cancer 

imaging markers. However, combined metabolic and perfusion imaging often requires 

different imaging probes, acquisition techniques, or even modalities. HP 13C MR is 

a promising molecular imaging technique to non-invasively study in vivo physiologic 

processes, with the unique capability of simultaneous multi-probe imaging.10,28 In this 

report, we present clinical translation efforts to incorporate a new perfusion-sensing probe, 

HP [13C, 15N2]urea, into the existing HP 13C pyruvate MR exams.

We first developed a co-polarization system for [1-13C]PA and [13C, 15N2]urea where PA 

provides glass-forming ability and eliminates the glass-forming excipient for urea. The 

short-range order in the glass, an amorphous state, ensures the uniform proximity of 13C 

nuclei and unpaired electrons in the EPA, a requirement for DNP. PA, urea, and water 

can form an extensive hydrogen bonding network, preventing crystallization by raising 

the energy barrier for molecular reorganization and favoring glass formation.29–31 Other 

attractive intermolecular forces such as dipole-dipole interactions among non-hydrogen 

bonding motifs in PA and urea also contribute to the glass forming ability.32 Indeed, we 

observed that the combined PA/urea probe with a wide range of PA/urea ratios has a reliable 

glass-forming ability, with the glass transition temperature (Tg) like neat PA. Moreover, 

because the physical stability of glass below Tg is related to glass-forming ability,33,34 the 

fact that the polarizer temperature (0.8 K) is well-below the Tg of the combined PA/urea 

probe (~ 200 K) ensures the glass stability during DNP.

The 4 to 1 molar ratio of PA to urea in the formulation was chosen based on glass 

stability, target probe concentrations in the final injection product, and imaging feasibility. 

Quantification of metabolic fluxes requires sufficient in vivo SNR of downstream metabolic 

products of pyruvate.35 Since the starting material amount is limited by the cryovial volume, 

pyruvate content was prioritized for higher in vivo SNRs of pyruvate, lactate, and alanine. 

Further, since urea is dissolved in water, a higher urea content increases the water content 

of the formulation, increasing the likelihood of localized crystallization while reducing the 

glass forming ability. This formulation can generate nearly 40% liquid-state 13C nuclear 

polarization for both pyruvate and urea in 3–4 h, comparable to the PA-alone formulation, 

and produce 40 mL of approximately 150 mM pyruvate and 35 mM urea in the final 

injection product. Although the final urea concentration is lower than previously reported 

in preclinical studies,13,14,16,36 the 15N labeling renders [13C, 15N2]urea with longer T1 at 

low field (mitigating polarization loss during sample transfer) and longer T2 (higher in vivo 

signal) compared to [13C]urea, compensating for the lower concentration.

We developed an SOP for routine on-site production to reproducibly generate sterile HP 

[1-13C]pyruvate and [13C, 15N2] urea injection products of acceptable probe concentration, 

pH, temperature, and volume with negligible residual EPA. There are several differences 
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in the formulation and production processes for the combined PA/urea probe compared 

to PA-alone production. First, EPA concentration was reduced to 12.5 mM from 15 mM 

in PA-alone formulation because 15 mM EPA formulation was observed to have faster 

solid-state build-up but lower final polarization. The reduced EPA amount also facilitated 

its removal during the dissolution steps. Second, the amount of neutralization media in the 

Part B receiver vessel was also reduced due to the reduced amount of PA in the cryovial, 

which also resulted in a lower osmolality of the combined HP 13C pyruvate and urea 

injection compared to the HP 13C pyruvate injection. Third, the SWFI volume in the Part 

A dissolution syringe (super-heated and pressurized component) was increased to 41 g 

from 37.45 g to accommodate the increased heat capacity of the combined PA/urea probe 

compared to neat PA, which improved the sample recovery rate from the cryovial.

Pyruvic acid and urea can undergo slow cross-reactions under high concentration 

conditions,37 which motivated us to investigate impurities in the co-polarized probe. Using 

hyperpolarized NMR, high resolution thermal equilibrium NMR, and LC-MS techniques, 

three novel impurity products were identified and quantified. The 13C and 15N labeling 

of the probes facilitated the impurity identifications: JCC and JCN coupling patterns and 

constants are consistent with the chemical structures of impurities, in particular atom 

arrangement and bond lengths (Supporting Information Table S3). 13C and 15N labeled 

molecules have unique mass/charge ratio on LC-MS compared to their natural abundance 

counterparts, which confirmed the chemical structures identified by the NMR analysis. 

Moreover, the NMR and LC-MS techniques complemented each other’s detection limit. 

Impurity I in the injection product was observed by NMR but not LC-MS, whereas Impurity 

III was observed by LC-MS but not NMR. Based on NMR and MS findings, Impurity II 

was found to be the predominant impurity (1–2%) while Impurities I and III exist at lower 

concentrations (<0.5%). The qualitative and quantitative information obtained from impurity 

investigation further guided design of the toxicology study.

Pyruvate and urea are endogenous molecules whose toxicity has been extensively studied. 

HP 13C pyruvate injection (consisting of pyruvate, Tris, ethylenediaminetetraacetic acid 

[EDTA], and trace amount of AH111501) is currently used in clinical research studies, 

and its toxicology profiles were previously reported in the HP pyruvate Phase I clinical 

trial.38 Moreover, the toxicology of the known impurities in the HP 13C pyruvate injection, 

including AH112623 (parapyruvate), AH112615 (Tris-pyruvate), and AH113462 (lactone), 

has previously been studied. Intravenous urea has been administered clinically to treat 

glaucoma,39 cerebral edema,40,41 and hyponatremia42 at a dose of 1–1.5 g/kg body weight, 

about a thousand-fold higher than the HP co-polarized injection dose (0.8–1.3 mg/kg body 

weight of urea). Moreover, the parenteral urea drug product Ureaphil (Hospira) 40 g/vial 

was previously approved by the U.S. Food and Drug Administration (FDA). Therefore, we 

focused this toxicology study on investigating the potential toxicities of the co-polarized 

injection product and the isolated novel impurity compounds, for which no prior safety data 

are available. Using injection products allows the characterization of biological effects of 

combined pyruvate and urea along with novel impurities. Two additional groups of rats were 

injected with Impurity II or III as isolated compounds to achieve further dose escalation. 

Impurity I was not studied as an isolated compound because of its negligible concentration 
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and intermediate nature. No signs of toxicities associated with the combined pyruvate and 

urea probe were observed on any metrics studied, demonstrating its safety profile.

We further demonstrated the feasibility of simultaneously imaging [1-13C]pyruvate, its 

downstream metabolites, and [13C, 15N2]urea on a clinical MR scanner with adequate 

spatial coverage and temporal resolution. The AX2 spin system of [13C, 15N2]urea (1:2:1 

peak ratio) modulates the urea signal, causing off-resonance artifacts. Moreover, 25 ms 

after the start of spin system dephasing, spins of two side peaks are completely out of 

phase with spins of the central peak, creating a null signal in k-space (JCN 20 Hz × 

25 ms = 0.5 cycles/180-degree). In previous studies, bSSFP sequences with repeated RF 

refocus pulses and short readout durations to mitigate JCN dephasing have been used to 

image [13C, 15N2] urea.24,43,44 However, in these studies neither [1-13C]pyruvate nor its 

downstream metabolites were present to interfere with urea imaging. Moreover, these studies 

used Cartesian readout trajectories with a long scan time, which is not feasible for 3D 

dynamic imaging. Based on these considerations, we developed a urea frequency-specific 

bSSFP sequence with a stack-of-spiral readout trajectory and a short readout duration (4 ms) 

to mitigate off-resonance artifacts and avoid null signals in k-space. Additionally, the bSSFP 

sequence offers a two- to three-fold signal-to-noise ratio (SNR) advantage compared to the 

spiral GRE sequence,25 and can further take advantage of the long in vivo T2 (about 10 s) 

of [13C, 15N2]urea by its efficient use of transverse magnetizations.24 Pyruvate, alanine, and 

lactate images were sequentially acquired with a single-band spectral-spatial RF excitation 

and a single-shot spiral readout. Two sequences, bSSFP for urea and GRE for pyruvate 

and its metabolic products, were alternately applied to achieve simultaneous metabolic and 

perfusion imaging using commercially available software.

Our imaging approach has several limitations. First, the urea bSSFP sequence requires 

stringent RF pulse sequence design. The TR needs to be chosen carefully to avoid 

spectral banding artifact overlapping with non-urea resonances. The bSSFP acquisition is 

also sensitive to B0 inhomogeneity, which could cause metabolite resonance frequency 

inadvertently overlapping with spectral banding artifacts. Moreover, the urea RF pulse is not 

spatially selective because the long spectral-spatial RF pulse length is not compatible with 

the short TR of bSSFP sequences. Furthermore, the frequency-selective RF pulse enforces 

a 3D acquisition, which is sensitive to flow effects. Second, the 13C urea RF pulse has 

a passband and stopband of 40 Hz, leading to signal contamination from 13C bicarbonate 

(80 Hz apart from urea at 3T). This urea bSSFP sequence might be acceptable for initial 

cancer imaging studies, where mitochondrial activities and bicarbonate signal are low, but 

needs to be further modified to image the brain, heart, and other organs where bicarbonate 

signals are not negligible. Third, although readout time is considerably reduced using stack­

of-spiral readout trajectory, off-resonance imaging artifacts are not eliminated. Off resonance 

corrections can be applied at the image reconstruction stage to improve image quality 

and metabolic quantification accuracy.45 Finally, using two imaging sequences in a single 

imaging session could complicate data analysis. A multi-echo acquisition approach (Iterative 

Decomposition of Echoes of Asymmetrical Length, IDEAL) can use prior knowledge of 

chemical shifts and relative peak ratios of urea to simultaneously image all metabolites using 

one acquisition sequence.12
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In summary, we performed technical development and translational studies that enabled 

the clinical investigation of the combined HP 13C pyruvate and urea MR. This study 

leverages the unique capability of HP 13C MR for multi-probe imaging to achieve a 

simultaneous assessment of glycolytic metabolism and perfusion, thereby providing a 

multimeric evaluation of tumor biology in a single imaging session. In a future clinical trial, 

the reported imaging technique will be used to image prostate cancer before surgery, with 

post-surgery imaging-biology correlation. Although the combined HP 13C pyruvate and urea 

MR has been applied extensively in preclinical studies, the acquisition parameters and data 

analysis framework need to be optimized for human studies, where the probe arrival timing 

(due to cardiovascular circulation rate), subject physiologic state (awake vs. anesthetized), 

and imaging volume are considerably different from animal studies.

This work marks the clinical translation of the first HP MR probe after 13C pyruvate. 

Non-invasive assessments of in vivo metabolism and physiology afforded by HP 13C MR 

could potentially facilitate initial diagnosis, treatment planning, and therapeutic evaluation 

for patients with cancer, providing a useful tool for precision medicine.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
A, Imaging mechanism: hyperpolarized [13C]pyruvate and urea are intravenously 

administered in a single bolus, then leave the vasculature and enter the exocellular space 

(indicated by the solid line). Pyruvate can enter the cell at a slower rate compared to the 

vascular delivery (indicated by the dashed line) and be metabolized into lactate, alanine, or 

CO2/bicarbonate, evaluating multiple metabolic fluxes. In contrast, urea is predominately 

extracellular and metabolically inactive, serving as a perfusion sensing probe. (Ktrans, 

vascular transfer constant; MCT, monocarboxylate transporter; LDH, lactate dehydrogenase; 

ALT, alanine transaminase; PDH, pyruvate dehydrogenase). B, Co-polarization system set 

up: urea/water/EPA mixture (lower density) is loaded into cryovial first, then PA/EPA 

mixture is added (higher density), resulting in a homogeneous mixture of PA and urea 

with a molar ratio of 4:1 (PA, pyruvic acid; EPA, electron paramagmetic agent). C, 

Representative 13C NMR spectra of hyperpolarized [1-13C]pyruvate and [13C, 15N2]urea. 

The right spectrum zooms in the boxed region of the left spectrum, showing urea and 

Impurity II with relevant coupling constants (JCN = 20.2 Hz, JCN = 18.3 Hz, JCC = 7.5 Hz)
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FIGURE 2. 
A, Pharmacy Kit (fluid path) components: (1) cryovial in the SPINlab system with 

microwave irradiation; (2) dual-lumen dissolution tubing; (3) dissolution syringe valve; (4) 

dissolution syringe; (5) single-lumen transfer tubing; (6) electron paramagnetic agent (EPA) 

filter; (7) receiver vessel; (8) quality control (QC) plate with optical cuvette and NMR bulb; 

(9) sterility filter; (10) MedRad® syringe for patient administration. B, Co-polarized probe 

production process flowchart
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FIGURE 3. 
Impurity formation scheme in co-polarized [1-13C]pyruvate and [13C, 15N2]urea. These 

reactions most likely occur in the cryovial at high-concentration conditions: the nucleophilic 

addition of urea (nitrogen) to pyruvic acid (C2 carbonyl carbon) yields Impurity I, an 

intermediate, which further undergoes intramolecular condensation between the carboxylate 

group and amide group, yielding Impurity II, a hydantoin. Impurity I can also undergo 

nucleophilic substitution with urea at C2 carbon before intramolecular condensation, 

yielding Impurity III, another hydantoin
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FIGURE 4. 
A, A pulse sequence diagram of bSSFP sequence for HP 13C urea acquisition (highlighted 

area indicates readout duration). B, bSSFP sequence produced superior image quality 

(signal-to-noise ratio, resolution, sharpness) compared to the single-shot spiral GRE 

sequence. C, Representative simultaneously acquired metabolism and perfusion images of 

an adult rat: sum HP signals of each metabolite were overlaid on T2 weighted images; flip 

angels of lactate, alanine, pyruvate, and urea were 30°, 30°, 8°, 50°, with 2.5 × 2.5 × 21 

mm spatial resolution and 4.2 s temporal resolution. D, HP signal dynamics in the aorta and 

kidneys of an adult rat
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