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Abstract

Purpose: To investigate multi-resolution hyperpolarized (HP) 13C pyruvate MRI for measuring 

kinetic conversion rates in the human brain.

Methods: HP [1-13C]pyruvate MRI was acquired in six subjects with a multi-resolution EPI 

sequence at 7.5 × 7.5 mm2 resolution for pyruvate and 15 × 15 mm2 resolution for lactate and 

bicarbonate. With the same lactate data, two quantitative maps of pyruvate-to-lactate conversion 

(kPL) maps were generated: one using 7.5 × 7.5 mm2 resolution pyruvate data and the other 

using synthetic 15 × 15 mm2 resolution pyruvate data to simulate a standard constant resolution 

acquisition. To examine local kPL values, four voxels were manually selected in each study 

representing brain tissue near arteries, brain tissue near veins, white matter, and gray matter.

Results: High resolution 7.5 × 7.5 mm2 pyruvate images increased the spatial delineation of 

brain structures and decreased partial volume effects compared to coarser resolution 15 × 15 mm2 

pyruvate images. Voxels near arteries, veins and in white matter exhibited higher calculated kPL 

for multi-resolution images.

Conclusion: Acquiring HP 13C pyruvate metabolic data with a multi-resolution approach 

minimized partial volume effects from vascular pyruvate signals while maintaining the SNR 

of downstream metabolites. Higher resolution pyruvate images for kinetic fitting resulted in 

increased kinetic rate values, particularly around the superior sagittal sinus and cerebral arteries, 

by reducing extracellular pyruvate signal contributions from adjacent blood vessels. This HP 13C 

study showed that acquiring pyruvate with finer resolution improved the quantification of kinetic 

rates throughout the human brain.
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Introduction

Hyperpolarized (HP) carbon-13 MR has been investigated in animals since 2006 to provide 

a unique window into cellular metabolism, enabling the quantification of enzyme-catalyzed 

conversion rates that inform on critical cellular biochemistry in both normal and pathologic 

conditions1–3. A first-in-human proof of concept clinical trial of HP [1-13C]pyruvate 

completed in 2013 demonstrated feasibility and safety in patients4. The subsequent 

development of commercial research polarizers enabled new technical developments and 

initial human studies over the past 5 years in a variety of applications including prostate 

cancer, brain tumors, renal cancer, cardiac disease, pancreatic cancer, traumatic brain injury 

and breast cancer5–14.

Since 2018, numerous studies have focused on investigating cerebral energy metabolism 

in the normal human brain and neuro-pathologies, demonstrating novel insights into brain 

bioenergetics by measuring HP pyruvate conversions to lactate and bicarbonate6,10,11,15–17. 

Conversion from pyruvate to lactate and to bicarbonate provides a measure of metabolic 

preference for either oxidative phosphorylation, which generates bicarbonate, or glycolytic 

metabolism, which generates lactate. The normal brain produces both lactate and 

bicarbonate, and increased lactate and decreased bicarbonate production were observed in 

brain tumor lesions6,15. These studies support the utility of HP pyruvate metabolism as a 

biomarker of brain tumor metabolic reprogramming and response to therapy.

Recent technical advances for HP studies have shown that metabolic quantification could 

be further improved through specialized acquisition and denoising techniques18–21. These 

techniques provide improved SNR and finer spatial resolution, enabling better localization 

of metabolism. In particular, a multi-resolution HP 13C EPI approach was developed that 

enables the acquisition of the injected HP 13C pyruvate at a higher spatial resolution than 

its metabolic products lactate and bicarbonate with their lower inherent SNR18. The purpose 

of this study was to apply for the first time this multi-resolution approach and specialized 

analysis to investigate HP pyruvate-to-lactate conversion rates, kPL, in the normal brain 

with the motivation that higher pyruvate resolution could reduce partial volume effects of 

extracellular HP pyruvate in cerebral blood vessels that could cause errors in intracellular 

kPL measurements.

Methods

HP brain studies were performed in six healthy human volunteer subjects with informed 

consent according to University of California San Francisco IRB and FDA IND approved 

protocols. The mean age of the subjects was 41.2 years (range 29–61 years) and all subjects 

were male. Before each study, a pharmacist prepared samples containing 1.47 g of Good 

Manufacturing Practice grade [1-13C]pyruvic acid (MilliporeSigma Isotec) and 15 mM trityl 

electron paramagnetic agent (EPA; AH111501, GE Healthcare). The samples were polarized 

using a SPINlab polarizer (GE Healthcare) operating at 5 T and 0.8 K for > 2 hours. After 

dissolution of the polarized samples, the EPA was removed by filtration, the solution was 

neutralized with a Tris-buffered NaOH solution, and the quality control parameters of pH, 

pyruvate and residual EPA concentrations, polarization, and temperature were measured 

Hu et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prior to injection. In parallel, the sterile filter (0.2 μm, ZenPure, Manassas, VA) was tested in 

agreement with manufacturer specifications prior to injection. After release by a pharmacist, 

a 0.43 mL/kg dose of ~250 mM pyruvate was injected at a rate of 5 mL/s, followed by a 20 

mL sterile saline flush (0.9% sodium chloride, Baxter Healthcare Corporation).

Studies were performed on a 3T MR scanner (MR750, GE Healthcare) using an integrated 

8 channel 1H/24 channel 13C phased array receiver with an 8-rung low-pass 13C volume 

transmit coil (Rapid Biomedical, Würzburg, Germany). Hyperpolarized 13C data were 

acquired with a metabolite-selective imaging approach, using a singleband spectral-spatial 

RF pulse for excitation (passband FWHM = 130 Hz, stopband = 868 Hz) and a single-shot 

symmetric echoplanar readout for encoding22. Scan parameters were 125 ms TR, 30.7 ms 

TE, 32 × 32 matrix size, ±19.23 kHz BW, 1.064 ms echo-spacing, and eight slices with 

an axial orientation. Data acquisition started 5 seconds after the end of the saline injection 

for the first three subjects and immediately after the end of the saline injection for the 

latter three subjects. Pyruvate was excited with a 20° flip angle and lactate and bicarbonate 

were excited with a 30° flip angle. The slice thickness was 20 mm for the first subject 

and 15 mm for the other five subjects. The in-plane spatial resolution for each metabolite 

was changed by independently scaling the encoding gradients, resulting in 7.5 × 7.5 mm2 

resolution for pyruvate and 15 × 15 mm2 resolution for lactate and bicarbonate. Twenty 

time points were acquired with a 3 second temporal resolution for a total scan time of one 

minute. Immediately following imaging, a non-localized spectrum was acquired to confirm 

the center frequency was set correctly. For anatomic reference, 1H 3D inversion-recovery 

spoiled gradient-recalled echo (IR-SPGR) was acquired with the dual-tuned coil. 1H 3D 

IR-SPGR scan parameters were 6.7 ms TR, 2.5 ms TE, 450 ms IR time, 25.6 × 25.6 × 18.6 

cm2 FOV, 256 × 256 × 124 matrix size (1 × 1 × 1.5 mm3 resolution).

The 13C EPI data were reconstructed using the Orchestra toolbox (GE Healthcare). 

Multichannel data were pre-whitened23 and then coil combined using pyruvate to estimate 

the coil weights24. Denoising was performed on the coil-combined data using global-local 

higher-order singular value decomposition (GL-HOSVD) as described in Kim et al. for 

hyperpolarized MRI20. To quantify the reduction in partial volume effects with variable-

resolution EPI, a synthetic 15 × 15 mm2 pyruvate data set was obtained by cropping the 

central 16 × 16 region of k-space, zeropadding to the original matrix size (32 × 32), Fermi 

filtering to minimize Gibbs ringing, and transforming back to the image domain. Lactate 

and bicarbonate images were cropped and zeropadded to match the pyruvate FOV and 

matrix size, and signal values were normalized to voxel volume to account for the different 

acquisition resolution. Proton images were used in the FSL FAST algorithm25 to generate 

brain masks, and the proton images were also summed in the slice dimension to match the 

carbon slice thickness.

Kinetic rate constants for each voxel were computed using an inputless two-site model 

to generate quantitative maps of pyruvate-to-lactate conversion (kPL)26. With the same 

lactate data, multi-resolution and constant-resolution kPL maps were generated: one using 

the 7.5 × 7.5 mm2 resolution pyruvate data and the other using the synthetic 15 × 15 

mm2 resolution pyruvate data. Kinetic rate maps were thresholded to select voxels that 

had a lactate area-under-curve (AUC) SNR > 5 and fitting error < 30%. Here we used the 
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fitting error as defined in Mammoli et al26, where an absolute fitting error is defined to 

be half of the 95% confidence interval range from the nonlinear least squares fitting and 

the fitting error is the absolute error divided by the fitted rate constant. Due to limited 

kPB coverage in white matter after SNR and fitting error thresholding, kPB maps were not 

considered for this analysis. kPL percent differences between the different resolutions were 

calculated by taking the difference of multi-resolution kPL and constant-resolution kPL and 

dividing by the constant-resolution kPL on a voxel-wise basis. Lactate-to-pyruvate AUC 

ratios were also calculated using both pyruvate resolutions. To examine local kinetic rates 

across the six subjects for both resolution schemes, four voxels were manually selected in 

each study representing brain near arteries, brain near veins, white matter and gray matter. 

Statistical analysis with two-sided Wilcoxon signed rank tests was used to compare the 

paired multi-resolution and constant-resolution voxels.

Results

High resolution 7.5 × 7.5 mm2 pyruvate images exhibit increased spatial delineation of brain 

structures and decreased partial volume effects compared to the coarse resolution 15 × 15 

mm2 pyruvate images as shown in Figure 1. In particular, high pyruvate signals from the 

gray matter, cerebral arteries, and sagittal sinus spill over into surrounding brain areas in the 

coarse resolution images. The lactate and bicarbonate images exhibit adequate SNR > 5 at 

15 × 15 mm2 resolution.

In this study, dynamic high resolution pyruvate images also improve identification of 

pyruvate arrival in cerebral blood vessels. In Figure 2 the pyruvate bolus is seen first in the 

internal carotid and middle cerebral arteries, followed by the transverse and sagittal sinuses 

after one 3-second time frame. The arterial pyruvate signal fades after 15 seconds, whereas 

the venous pyruvate signal is maintained for the duration of the 60-second acquisition.

The increased spatial delineation of high resolution pyruvate images is also apparent in 

the multi-resolution kPL maps in Figure 3. The kPL values were higher for multi-resolution 

kinetic maps, especially for the pons in the most inferior slice and white matter in the 

3rd and 4th slices. The partial volume effect of decreased kPL was most apparent near the 

ventricles and sagittal sinus, regions where high pyruvate signal spilled over from highly 

perfused gray matter and the sagittal sinus. Supporting Information Table S1 summarizes the 

mean and standard deviation (SD) of kPL and lactate-to-pyruvate AUC ratios in the brain for 

each subject. Multi-resolution kPL and AUC ratio means and SDs were significantly higher 

(p < 0.05) than constant-resolution kPL and AUC ratio means and SDs. Average differences 

for multi-resolution as compared to constant-resolution were: 19% and 70% increase in kPL 

mean and SD; 22% and 93% increase in AUC ratio mean and SD. For kPL calculated from 

signals summed over the whole brain, the average percent kPL difference across subjects was 

3% higher for multi-resolution data than for constant-resolution data.

To compare kPL between multi-resolution and constant-resolution datasets on a regional 

basis, we selected voxels in each subject near the arteries and veins, in addition to voxels in 

white and gray matter. Supporting Information Table S2 summarizes the kPL values in the 

selected voxels for all subjects. Figure 4 shows the selected voxel positions in proton images 
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and kPL maps for one subject. In this particular volunteer, multi-resolution kPL values were 

169, 65 and 44 percent higher than constant-resolution kPL values for voxels near arteries, 

near veins and in white matter respectively. These kPL differences are also present for the 

selected voxels in all subjects (p < 0.05), summarized in Table 1. The same effect of the 

multi-resolution approach is also observed for lactate-to-pyruvate AUC ratios, reported in 

Supporting Information S3. This difference in kPL values and AUC ratios indicates that less 

extracellular pyruvate signal was present in the higher-resolution pyruvate voxels than in the 

coarse-resolution pyruvate voxels, since the lactate signal used for the multi-resolution and 

constant-resolution kPL maps was identical.

Discussion

In this study, we utilized a multi-resolution acquisition to determine if higher pyruvate 

resolution could reduce the inclusion of extracellular pyruvate signals in blood vessels that 

is not metabolized like intracellular pyruvate in the brain and thus can cause errors in 

kPL quantification. Higher spatial resolution for pyruvate (7.5 × 7.5 mm2 versus 15 × 15 

mm2) decreased the partial volume spillover of vascular pyruvate signals into nearby brain 

voxels, and as a result the kPL and lactate-to-pyruvate AUC ratios of those voxels calculated 

from multi-resolution data was higher than those calculated from constant-resolution data. 

Although the average kPL difference between resolutions for the whole brain was only 3%, 

for voxels near cerebral arteries the average kPL difference was up to 83%. This indicates 

that the partial volume effect of coarser resolution changes pyruvate signal magnitudes 

in a localized manner. Because of this localization, the magnitude of difference between 

resolutions is small when looking at the whole brain versus examining individual voxels. 

This partial volume effect was most apparent for voxels in white matter and voxels near 

cerebral arteries and veins. Using multi-resolution images for kinetic quantification provided 

more accurate kPL and lactate-to-pyruvate AUC ratio estimates, especially near cerebral 

blood vessels with large amounts of pyruvate that are not available for metabolic conversion.

In addition, the multi-resolution acquisition scheme takes advantage of the high pyruvate 

SNR inherent to HP pyruvate studies by acquiring the injected substrate at higher resolution. 

These higher resolution pyruvate images improve the visualization of neuro-vascular 

structures and could potentially be used to extract perfusion-weighted information in 

addition to metabolic conversion27. The GL-HOSVD denoising also improves SNR for all 

metabolites20, potentially enabling even further improvements in spatial resolution for future 

studies. Combining a multi-resolution acquisition with spatiotemporal denoising provides 

both high SNR and high spatial resolution, which in turn improves the accuracy of metabolic 

quantification.

In relation to previous HP studies on normal brain metabolism, this work studies the impact 

of multi-resolution acquisition on kPL values and lactate-to-pyruvate AUC ratios. Prior 

studies have reported on the regional distribution of HP lactate production in terms of 

lactate-to-pyruvate AUC ratio, lactate z-score, and kPL
16,17. While there are multiple metrics 

that can be used to quantify HP data, using multi-resolution images improves kPL and 

lactate-to-pyruvate AUC ratio metabolic quantification due to reduced partial volume effects. 

The multi-resolution EPI approach is also flexible, as the resolutions and flip angles can be 
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customized to each metabolite depending on SNR. Other metabolite-selective methods used 

for HP imaging such as spiral and balanced steady state free precession offer benefits in 

terms of speed and SNR and are also compatible with a multi-resolution imaging scheme.

Acquiring pyruvate with finer resolution allows for improved visualization of neurovascular 

structures and more accurate quantification of metabolite kinetics, but the multi-resolution 

acquisition comes with certain drawbacks. For this study, the metabolite signals were 

normalized to their respective voxel volumes for quantification. This method of matching 

the different resolutions assumes uniform signal distribution throughout voxels, which is 

not true for every voxel. Increasing the pyruvate resolution with a single-shot readout 

entails a longer readout time, which can lead to increased geometric distortion in regions 

of high B0 inhomogeneity. This could be ameliorated by incorporating a field map into 

the reconstruction or alternating the blip direction during the dynamic acquisition28,29. 

Limitations of this study also include the lack of in vivo constant-resolution data to directly 

compare to the acquired multi-resolution data. Previous studies with constant-resolution 

echoplanar and spiral trajectories used different echo times, which may affect the calculated 

kinetic rates due to differences in T2*30 and require a correction to directly compare with 

the values from this study. Despite the variation in acquisition delays employed across this 

study, the kinetic modeling of kPL used did not require estimation of an input function and 

was therefore less sensitive to bolus arrival time, so long as the inflow of pyruvate was 

sufficiently captured31. The 0 second and 5 second delays both enabled sufficient pyruvate 

signal to be captured for the purposes of fitting.

Conclusions

Acquiring hyperpolarized 13C pyruvate studies with a multi-resolution approach minimizes 

partial volume effects from vascular pyruvate signals while maintaining the SNR of 

downstream metabolites. Utilizing higher resolution pyruvate images for kinetic fitting 

reduced partial volume effects and increased the calculated kinetic rate values, particularly 

around the superior sagittal sinus and cerebral arteries where high pyruvate signals spill over 

from the large blood vessels. This hyperpolarized 13C data showed that acquiring pyruvate 

with finer resolution improved the quantification of kinetic rates throughout the human 

brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hyperpolarized 13C pyruvate, lactate and bicarbonate signals summed over 60 seconds with 

reference proton images of subject 2. The 15 × 15 mm2 pyruvate data set was obtained by 

cropping 7.5 × 7.5 mm2 pyruvate k-space data, zerofilling, and applying a Fermi filter. The 

downsampled pyruvate images exhibited partial volume spillover of signal particularly in 

the vasculature, including the middle cerebral arteries indicated by red arrows in slices 3–4 

and the superior sagittal sinus indicated by blue arrows in slices 3–7. Carbon images were 

zerofilled once for display and intensity units are arbitrary.
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Figure 2. 
Hyperpolarized 13C pyruvate dynamic images of pyruvate delivery in the brain with 

reference proton images of subject 5. The colored arrows point out arrival of pyruvate in 

the anterior cerebral circulation (internal carotid, red; middle cerebral arteries, yellow) and 

transit into the superior sagittal (blue) and transverse dural venous sinuses (green). The 

arterial pyruvate signal disappears approximately 15 seconds after arrival, while the venous 

pyruvate signal remains high and visible towards the end of the acquisition. Carbon images 

were zerofilled once for display and intensity units are arbitrary.
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Figure 3. 
Kinetic rate maps for pyruvate-to-lactate conversion (kPL, s−1) in subject 1, using 15 × 15 

mm2 lactate signals with 7.5 × 7.5 mm2 pyruvate (multi-resolution) and synthetic 15 × 

15 mm2 pyruvate (constant-resolution) brain-masked images, along with reference proton 

images. The constant-resolution kPL map showed smoothing and loss of fine detail of the 

kinetic rates in the brain as compared to the multi-resolution kPL map.
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Figure 4. 
Kinetic rate maps for pyruvate-to-lactate conversion (kPL, s−1) for subject 5 with four 

selected voxel positions shown in multi-resolution and constant-resolution maps. The voxels 

numbered 1–4 refer to locations near artery, near vein, in white matter, and in gray matter 

respectively. Voxels near arteries, veins and in white matter exhibited 169, 65, and 44 

percent higher kPL for multi-resolution maps respectively, indicating less pyruvate signal 

contributions from blood vessels. The voxel in gray matter showed 7 percent kPL decrease 

for multi-resolution, indicating less change in the regional pyruvate signal between higher 

and coarser resolutions.
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Table 1.

Summary of percent differences in pyruvate-to-lactate conversion (kPL) between multi-resolution and 

constant-resolution data from six subjects. Single voxels near arteries, veins, in white matter, and in gray 

matter were selected manually. Multi-resolution kPL was significantly higher for voxels near arteries and 

veins and voxels in white matter (p < 0.05), showing a decrease in partial volume spillover of vascular 

pyruvate. There were inconsistent differences for gray matter voxels. Subject 4 values were an average of two 

hyperpolarized C13 pyruvate injections in the same exam and stars indicate statistical significance (p < 0.05).

Subject
Near Artery

% kPL Difference
Near Vein

% kPL Difference
White Matter

% kPL Difference
Gray Matter

% kPL Difference

1 52 77 47 1

2 57 96 75 46

3 37 106 57 51

4 32 73 27 −16

5 169 65 44 −7

6 153 30 71 −12

Mean ± SD 83 ± 61* 75 ± 27* 54 ± 18* 10 ± 30
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