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Abstract

Purpose: This study is to investigate time-resolved 13C MR spectroscopy as an alternative to 

imaging for assessing pyruvate metabolism using hyperpolarized [1-13C]pyruvate in the human 

brain.

Methods: Time-resolved 13C spectra were acquired from four axial brain slices of healthy human 

participants (n=4) after a bolus injection of hyperpolarized [1-13C]pyruvate. 13C MR spectroscopy 

with low flip-angle excitations and a multichannel 13C/1H dual-frequency RF coil were exploited 
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for reliable and unperturbed assessment of hyperpolarized pyruvate metabolism. Slice-wise area 

under the curves (AUCs) of 13C-metabolites were measured and kinetic analysis was performed 

to estimate the production rates of lactate and HCO3
–. Linear regression analysis between brain 

volumes and hyperpolarized signals was performed. Region-focused pyruvate metabolism was 

estimated using coil-wise 13C reconstruction. Reproducibility of hyperpolarized pyruvate exams 

was presented by performing two consecutive injections with a 45-min interval.

Results: [1-13C]Lactate relative to the total 13C signal (tC) was 0.21–0.24 in all slices. 

[13C]HCO3
–/tC was 0.065–0.091. Apparent conversion rate constants from pyruvate to lactate and 

HCO3
– were calculated as 0.014–0.018s−1 and 0.0043–0.0056s−1, respectively. Pyruvate/tC and 

lactate/tC were in moderate linear relationships with fractional grey matter volume within each 

slice. White matter presented poor linear regression fit with hyperpolarized signals, and moderate 

correlations of the fractional cerebrospinal fluid volume with pyruvate/tC and lactate/tC were 

measured. Measured hyperpolarized signals were comparable between two consecutive exams 

with hyperpolarized [1-13C]pyruvate.

Conclusions: Dynamic MRS in combination with multichannel RF coils is an affordable and 

reliable alternative to imaging methods in investigating cerebral metabolism using hyperpolarized 

[1-13C]pyruvate.
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INTRODUCTION

In vivo brain metabolism and function have been widely investigated using functional MRI, 

positron emission tomography (PET), and 1H MR spectroscopy (MRS). These conventional 

imaging methods, however, have limited access to in vivo metabolism (1–3). 13C NMR 

methods with steady-state infusion of a 13C-labeled substrate can provide detailed metabolic 

utilization of the substrate, but the signal-to-noise ratio (SNR) is inherently poor due to the 

low gyromagnetic ratio (4). In 2003, the dissolution dynamic nuclear polarization (DNP) 

technique in combination with 13C MR spectroscopic imaging (MRSI) was introduced as a 

new imaging modality that can assess the real-time utilization of substrates and formation 

of downstream products in vivo by boosting the SNR (5). Unlike PET, specific metabolic 

pathways may be monitored, and the products are distinguishable from the injected substrate 

using this technique. Moreover, 13C is a non-radioactive stable isotope, potentially safe to 

perform multiple consecutive investigations.

Due to its pivotal role in carbohydrate metabolism and the molecular characteristics ideally 

suited for the dissolution DNP, [1-13C]-labeled pyruvate was the first developed substrate 

for in vivo studies (6) with dominant applications in cancer (7) and cardiac metabolism 

(8). Intravenously injected hyperpolarized (HP) [1-13C]pyruvate can be transported to the 

intracellular space via monocarboxylate transporters (MCTs), generating [1-13C]lactate 

and [1-13C]alanine in the cytoplasm via lactate dehydrogenase (LDH) and alanine 

aminotransferase (ALT), respectively, or acetyl-CoA + [13C]CO2, which is typically detected 
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as bicarbonate ([13C]HCO3
–), via pyruvate dehydrogenase (PDH) in the mitochondria. In the 

brain, changes in HP [1-13C]lactate production have been featured as surrogate biomarkers 

for pathological processes such as glioblastoma (9), neuroinflammation (10), and traumatic 

brain injury (TBI) (11). [13C]HCO3
– production was reported in the cortex of rat brains (12), 

providing a complementary biomarker for cerebral PDH activity or mitochondrial integrity 

(11,13). Alanine production in the brain is reportedly negligible (12) due to the low ALT 

activity (14).

Recent advances in clinical translation of HP pyruvate imaging (15) has enabled metabolic 

imaging of the human brain in healthy subjects (16,17) and patients with brain tumors 

(17–20) or TBI (21). Most previous human brain studies focused on imaging altered lactate 

production in intracranial malignancies (18,19). Despite the unprecedently high sensitivity 

of HP signals, accurate and reliable imaging of pyruvate metabolism in the brain is still 

challenging. To establish an appropriate brain imaging strategy, reliable assessment of HP 

pyruvate and products in the brain and their dynamic behaviors are essential. In particular, 

production of [13C]HCO3
–, a salient surrogate biomarker of in vivo PDH activity and, 

potentially, mitochondrial integrity, is much smaller than the other major cerebral product, 

[1-13C]lactate. Indeed, previous studies reported inconsistent measurement of [13C]HCO3
–, 

ranging from less than 2% (22) to 8% (16) relative to the [1-13C]pyruvate signals. Another 

study described the [13C]HCO3
– SNR being ‘greatly variable’ (23). As kinetic analysis of 

time-resolved HP signals demands higher SNRs than time-averaged analysis, the apparent 

conversion rates (k’s) from pyruvate to products reported in the previous studies have larger 

discrepancies (16,23).

Non-imaging approaches using MRS provide excellent signal sensitivities, leading to more 

robust measurements of HP products and the kinetics. Due to the superior SNR, a small 

flip-angle RF excitation suffices for reliable [13C]HCO3
– assessment, allowing frugal 

utilization of HP magnetization, and thus, enables either longer observations or improved 

temporal resolution. Although MRS data of HP [1-13C]pyruvate for human brain were 

shown previously (16,18), the analysis was brief with limited number of subjects, and the 

studies were either performed with a suboptimal RF coil for brain (18) or analyzed in poorly 

resolved peaks in the spectrum (16).

In this study, we report reliable measurements and analysis of HP [1-13C]pyruvate 

and its products, [1-13C]lactate and [13C]HCO3
–, in the brain using time-resolved 13C 

MRS from healthy volunteers. Here, we demonstrate the potential of assessing spatial 

information using multi-slice acquisition and 13C RF receive arrays. Moreover, repeatability 

and reproducibility of HP [1-13C]pyruvate for brain studies are evaluated by performing 

consecutive injections of HP pyruvate.

METHODS

MR scanner and RF coils

All MR studies were performed using a 70-cm wide-bore 3T 750w Discovery™ MR scanner 

(GE Healthcare, Waukesha, Wisconsin, USA). A 13C/1H dual-frequency RF head coil that 

consists of 1H quadrature transmit (Tx) and receive (Rx), 13C quadrature Tx and 8-channel 
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13C Rx arrays (Clinical MR Solutions, LLC, Brookfield WI, USA) was developed for the 

study. A rigid nested design was utilized for the 1H coil (⊘ [diameter] = 30.4 cm, length 

= 30.5 cm) and the 13C Tx coil (⊘ = 26.8 cm, length = 25.4 cm). The anterior 13C Rx 

array coils (5–8 channels) are attached to the inner surface of the 13C Tx coil, and the 

posterior Rx array (1–4 channels) are flexible to maximize the receive sensitivity. Each coil 

element of the 13C Rx arrays is 12.7 cm × 16.5 cm. The entire anterior portion of the 

head coil is detachable for head positioning (24). The structure of the head coil is shown 

in Figure 1. The 13C coil Tx performance was tested with a gadolinium-doped spherical 

[13C]HCO3
– phantom (0.4 M, ⊘ = 18 cm) and a free induction decay chemical shift imaging 

(FID CSI) sequence (matrix size = 16 × 16, repetition time [TR] = 5 s, field of view 

[FOV] = 24 cm × 24 cm). Performance of the 13C coils is summarized in Figure S1. The 

B1
+ profile was calculated using a double-angle method, Figure S1A. Receive performance 

was separately tested using a cylindrical phantom (⊘ = 14 cm) that contains non-labeled 

pure ethylene glycol (natural abundance 1.1% of 13C) to avoid partial volume effects along 

the slice encoding direction due to the phantom shape, Figure S1B. At the center of the 

cylindrical phantom, the coil sensitivity was 78% of the phantom. The cross-sectional signal 

changes demonstrate the reliable and relatively homogeneous signal detection from the 

entire phantom when all the coil elements are combined, and region-focused detections from 

individual coils. The safety of the coil was tested by simulation, phantoms, and approved by 

the Advanced Imaging Research Center.

SNR comparison between MRS and MRI in a phantom

To demonstrate the SNR advantage of a small flip-angle MRS over MRI with full RF 

excitation, a simple phantom test was performed using the spherical [13C]HCO3
– phantom 

and the 13C/1H head coil. A slice-selective single-shot spiral 13C imaging (flip-angle = 90°, 

slice thickness [ST] = 15 mm, TR = 3 s, FOV = 24 cm × 24 cm, 128 averages) was applied 

to acquire 2D 13C images with three different nominal in-plane spatial resolutions (3.0 cm × 

3.0 cm, 1.5 cm × 1.5 cm, 1.0 cm × 1.0 cm) by adjusting the spiral readouts. From the same 

phantom, 13C FID was also acquired using a 6.5° slice-selective excitation (ST = 15 mm, TR 

= 3 s, 128 averages, 1 slice, spectral bandwidth = 10000 Hz, spectral points = 4096). Peak 

SNRs (SNRpeak) were compared between the images and the magnitude spectrum.

Human subjects

Four healthy adults were recruited for the study (age: 24 – 65 years, 1 male and 3 females, 

body mass index = 26.4 ± 2.9, mean ± standard deviation). The participants’ information 

is summarized in Table 1. Each participant was imaged with the brain MR protocol, which 

includes two injections of HP [1-13C]pyruvate (IND#: 133229) and a series of 1H MRI. 

Subject #1 received only one HP injection. A written and informed consent was obtained 

from all the study participants. The imaging protocol is fully compliant with the Health 

Insurance Portability and Accountability Act (HIPAA) regulation and was approved by the 

Institutional Review Board (IRB) of The University of Texas Southwestern Medical Center 

(IRB#: STU 072017-009, ClinicalTrials.gov ID: NCT03502967). All subjects tolerated the 

procedure without any incident.
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Dynamic nuclear polarization (DNP) and Quality control (QC)

A clinical SPINlab™ polarizer (GE Healthcare) was used for DNP. Up to three pyruvate 

samples were simultaneously polarized for each subject. Each pyruvate sample was 

prepared by mixing 1.47 g of GMP-grade 14-M [1-13C]pyruvic acid (Sigma Aldrich, St 

Louis, Missouri, USA) with 27.7 mg of AH111501 EPA radical (Syncom, Groningen, 

Netherlands). After assembly in sterile environment, clinical fluid paths were transferred 

to the SPINlab for polarization and compounding. The pyruvate samples were polarized 

for 3 – 4.5 hrs, then dissolved by 38 mL of sterile water at 130 °C. The HP pyruvate 

solution was mixed with 36.5 mL of room temperature TRIS/NaOH media (333 mM/600 

mM) and passed a quality control (QC) analysis prior to the injection. Terminal filtering, 

filter integrity bubble point test, pH strip confirmation and volume check were performed 

in addition to the automated QC. For each 13C acquisition, a bodyweight-adjusted volume 

(0.43 mL/kg) of 250 mM pyruvate was injected at a rate of 5 mL/s, followed by a 25-mL 

saline flush at the same rate. Pyruvate concentration (242.6 ± 16.2 mM, n = 7), pH (7.6 ± 

0.4), polarization level (33.7 ± 6.0 %), and residual radical (0.9 ± 0.8 μM) of the injectate 

were measured using the QC device (GE Healthcare) immediately after each dissolution. 

The transfer time from dissolution to the beginning of injection was 63.1 ± 6.7 s.

MR protocol

Each subject was scanned with a fast gradient recalled echo (GRE) localizer and a 2D 

T2-weighted fluid-attenuated inversion recovery (FLAIR; TR = 8 s, echo time [TE] = 144.7 

ms, FOV = 24 cm × 24 cm, acquisition matrix = 256 × 256, ST = 5 mm) to localize 

the brain and prescribe imaging slices. Time-resolved 13C spectra were acquired with an 

injection of HP pyruvate using a slice-selective dynamic MRS (flip-angle = 6.5°, TR = 

3 s, spectral width = 10000 Hz, spectral points = 4096, scan time = 4 min, ST = 1.5 

cm, 4 slices). The 13C transmit power was calibrated using an independent phantom scan 

(the 0.4-M [13C]HCO3
– phantom). The 13C frequencies were calculated from the 1H water 

frequency of the PRESS sequence and set on [1-13C]pyruvate resonance. The second 13C 

scan with additional HP [1-13C]pyruvate injection was performed 45 min after the first 

injection. Additional 1H images such as dual echo T2-weighted fast spin echo (FSE; TR = 5 

s, TE1/TE2 = 10.12 ms/60.72 ms, FOV = 24 cm × 24 cm, acquisition matrix = 192 × 192, ST 

= 5 mm) were acquired during the 45-min time interval.

Data reconstruction and analysis

All the 13C data were reconstructed in absorption mode via a custom-made reconstruction 

pipeline that integrates coil-wise reconstruction, phase correction (0th and 1st order), and 

coil combination. Metabolite peaks were quantified from time-averaged 13C spectra. For 

display purpose, the baseline was subtracted from the time-averaged spectra by fitting a 

spline to the signal-free regions of the smoothed spectrum. Kinetic analysis was performed 

between pyruvate, lactate and HCO3
– to estimate the apparent conversion rates (kPL, kPB) 

and in-vivo longitudinal relaxation times (T1) using a three-site exchange model (25), 

which was extended from the previously described two-site exchange model (26). Due to 

its small relevance to cerebral metabolism, alanine signal was excluded from the kinetic 

analysis. The time point where the maximum of each metabolite signal was achieved (τ) 
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was measured to assess the pyruvate delivery time and the metabolite production rate. The 

production rate of each metabolite was also estimated from the mean slope of the first 

three time points (r) following its appearance in the dynamic curve by linearly fitting the 

metabolite signal, which was then normalized to the initial mean slope of pyruvate (27–29). 

Both metabolite ratios and the kinetic analysis are independent of polarization level at the 

time of injection. For non-ratio metabolite peak assessment, each HP 13C data was divided 

by the following coefficient to compensate for the experimental variability in polarization 

performance and transfer time from the dissolution until the injection to the subject. In vitro 
T1 of [1-13C]pyruvate was estimated as 78 s.

pyruvate QC
250 ∙

polarizationQC
100 ∙ e−

Ttransfer
T1, pyruvate

Brain segmentation

Brain extraction and segmentation for 1H human brain image was conducted using FSL 

package (FMRIB, Oxford, UK) (30,31). Firstly, a binary brain mask was generated 

from multi-slice 1H T2-weighted images, which was used to extract brain tissue from 

corresponding 1H T1-weighted images. Secondly, the skull-stripped multi-slice 1H T1-

weighted images were fed into FSL for brain segmentation, generating multi-slice 

possibility maps for GM, WM and CSF. Finally, with the original skull-stripped 1H T1-

weighted images and the possibility maps, multiple-slice information was combined to 

calculate single-slice possibility maps of GM, WM and CSF that match the imaged 13C 

slice.

Statistical analysis

Data are presented as mean ± standard deviation. Statistical significance in metabolite ratios 

between brain regions was evaluated from the study participants collectively by a paired 

t-test (α = 0.05, two-tailed). Reproducibility of HP pyruvate (1st and 2nd injections) was 

tested using one-way ANOVA (α = 0.05). Least square fitting was used for linear regression 

between brain volumes and HP signals, and Pearson product-moment correlation coefficient 

(r) was calculated to measure the linear relationship. Coefficient of determination (R2) was 

calculated to estimate the goodness of fit, and the statistical significance was evaluated by 

t-statistics (two-tailed) with a reduced degree of freedom to reflect the dependency between 

brain slices acquired from the same subject.

RESULTS

(R1–1) In the phantom study, shown in Figure 2, the HCO3
– SNRpeak in the 13C spectrum, 

acquired using MRS with 6.5° flip-angle was compared with SNRpeak of 13C images that 

were acquired with 90° excitations. SNRpeak from the MRS spectrum was 4.6×, 5.8× and 

7.0× higher than SNRpeak of 13C images with 3 cm, 1.5 cm, and 1 cm of nominal spatial 

resolution, respectively.
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In human studies, carbon spectra of four 15-mm thick axial brain slices were acquired 

using a small flip-angle RF excitation every 3s. The most inferior slice (slice #1) was 

prescribed to include the ganglia and corpus callosum, and slice #2 was prescribed to 

include the body of the lateral ventricles. Slices #3 and #4 include cingulate gyrus valley 

and frontoparietal cortex, respectively. Time-averaged spectra of slice #1 – 4 from a 

representative participant are shown in Figure 3A. Besides [1-13C]pyruvate (171.3 ppm) 

and [1-13C]pyruvate-hydrate (179.7 ppm), metabolic products such as [1-13C]lactate (183.6 

ppm), [1-13C]alanine (177.0 ppm) and [13C]HCO3
– (161.3 ppm) were detected. No products 

specific to pyruvate carboxylase (PC) pathway were detected. [1-13C]Lactate relative to the 

total HP 13C signal (tC) was consistent throughout the slices, and the average lactate/tC 

of each slice over the participants (n = 4) ranged from 0.212 ± 0.018 to 0.244 ± 0.039. 

[13C]HCO3
– production was 30 – 37 % of lactate. The difference in [13C]HCO3

–/tC between 

the slices was not statistically significant (p > 0.08). [1-13C]Alanine production was much 

smaller than lactate or HCO3
–. Metabolite ratios of HP 13C signals are summarized in Figure 

3B–C and Table 2. Areas under the curves (AUCs) for [1-13C]pyruvate, [1-13C]lactate, and 

[13C]HCO3
– signals were positively correlated to the volume of grey matter (GM, r > 0.5, p 

≤ 0.03) within each slice. The metabolite signals were positively and negatively correlated to 

white matter (WM, r > 0.4, p = 0.06 – 0.10) and cerebrospinal fluid (CSF, r < −0.4) volumes, 

respectively, but not statistically significant, Figure 4A. The pyruvate signal normalized by 

tC maintained the positive correlation with fractional GM (r = 0.57, p = 0.02) volumes and 

negative correlation with fractional CSF volume (r = −0.64, p = 0.008), Figure 4B. However, 

lactate/tC showed a strong negative correlation with fractional GM volume (r = −0.54, p = 

0.03) and a positive correlation with fractional CSF volume (r = 0.54, p = 0.03). Pearson’s 

correlation coefficients, coefficients of determination, and p-values for the linear regression 

between the brain tissue volumes and HP signals are summarized in Table S1, S2, and S3, 

respectively.

Region-weighted assessment was performed by coil-by-coil reconstruction. 13C Rx coil 

elements that are positioned near the temporal lobes detected larger [1-13C]lactate/tC 

measurements (0.197 ± 0.018 from coils 1 and 4, 0.190 ± 0.016 from coils 5 and 8) than 

frontal lobe (0.183 ± 0.018 from coils 6 and 7, p < 0.01). [13C]HCO3
–/tC from the temporal 

lobes (0.062 ± 0.006 for coils 1 and 4, 0.059 ± 0.003 for coils 5 and 8) were also larger than 

the metabolic signals in the frontal lobe (0.049 ± 0.007 for coils 6 and 7) but smaller than 

those in the occipital lobe (0.072 ± 0.007 from coils 2 and 3, p < 0.05). As shown in Figure 

5, region-weighted [1-13C]lactate/tC and [13C]HCO3
–/tC could be generated from coil-wise 

assessment of the metabolites in the time-averaged spectra of individual coil elements.

Dynamic behavior of HP signals was described by initial slopes (s) and times-to-peak (τ) for 

each metabolite (Fig.6A). Initial slopes for lactate (slac) and HCO3
– (sbic) normalized by the 

pyruvate slope (spyr) were 0.055 ± 0.005 (slac/spyr = rlac, n = 4) and 0.014 ± 0.004 (sbic/spyr = 

rbic), respectively, for slice #1 and similar for the other slices (rlac = 0.056 – 0.064, and rbic = 

0.014 – 0.017, Fig.6C). Time-to-peak of [1-13C]lactate (τlac) and [13C]HCO3
– (τbic) was 8.3 

± 2.9 s and 12.8 ± 2.9 s longer than that of [1-13C]pyruvate (τpyr) for slice #1. The difference 

in time-to-peak between metabolites was similar for the other slices (τlac − τpyr = 8.3 – 9.0 s, 

τbic − τpyr = 12.8 – 13.5 s, Fig.6D). The apparent conversion rate constants from pyruvate to 
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lactate (kPL) and HCO3
– (kPB) were calculated as 0.0140 ± 0.0011 s−1 and 0.0043 ± 0.0005 

s−1 (slice #1), respectively, by fitting the measured timecurves to a multi-site exchange 

model (Fig.6B). The kPL ranged from 0.0151 to 0.0176 s−1 and kPB was 0.0045 – 0.0056 

s−1 for the other slices (Fig.6E). In vivo T1 of lactate and HCO3
– were estimated as 24.0 ± 

0.7 s and 25.5 ± 0.6 s, respectively. Temporal changes in metabolite ratios for lactate and 

HCO3
– were investigated from 21 to 78 s, where the HCO3

– measurement was reliable. 

Both lactate/tC and HCO3
–/tC increased over time and reflected the initial cardiac cycle 

(Fig.7A–B) whereas HCO3
–-to-lactate ratio monotonically increased in a logarithmic shape 

(Fig.7C).

AUCs of HP metabolite relative to tC were comparable between data acquired from two 

consecutive HP [1-13C]pyruvate injections with an interval of 45 minutes between the 

injections (Fig.8A, n = 12, p = 0.05 for lactate/tC, p = 0.1 for alanine/tC, p = 0.5 for 

HCO3
–/tC, p = 0.2 for pyruvate/tC). Difference in times-to-peak (τ) and relative initial 

slopes (r) was also not significant between injections (Fig.8B, p > 0.3). No significant 

difference was observed in apparent conversion rate constants (Fig.8C, p = 0.5 for kPL, p = 

0.1 for kPB).

DISCUSSION

Unlike conventional MR methods, studies with HP 13C substrates rely on exogenously 

administered MR signal sources, which are non-recoverable after RF excitations and rapidly 

decay over time. Due to the disposability and the transience of HP signals, the continuous 

replenishment of the injected HP substrates via the blood circulation, and the complex 

metabolic reactions, quantitative analysis of HP metabolism is not trivial. Acquisition 

parameters such as flip-angle, sampling period, and k-space readout trajectory can also 

affect the quantification of HP metabolites significantly. Moreover, performance of the RF 

coil impacts the signal sensitivity and detection coverages, another key factor that needs 

to be considered in data analysis. The large discrepancies of the reported metabolite ratios 

and kinetic parameters in recent translational studies of HP pyruvate to human brains are 

largely due to the inconsistencies in acquisition scheme, coil sensitivity, and SNR in addition 

to inter-subject variability. While imaging approaches measure reliable pyruvate and lactate 

distributions, it is technically challenging for small metabolite peaks such as HCO3
–. Single 

time-point imaging omits kinetic information and, thus, is partial. An alternative approach 

is to acquire MR signal without spatial encoding. Although this approach does not provide 

spatial information, it can improve temporal resolution and achieve excellent SNR. The 

intent of our study was to measure the cerebral metabolism of HP [1-13C]pyruvate in the 

human brain in a reliable and unbiased way while maintaining sufficient SNRs for key 

products, spatial detection coverage, and accurate brain registration. We also extended MRS 

analysis to take a glimpse of 13C/1H combined analysis and regional assessment of HP 

pyruvate metabolism by exploiting a dual-frequency 13C/1H RF coil with multichannel 13C 

receive array.

To minimize the signal loss due to RF sampling and its impact on the multi-slice acquisition, 

a small flip-angle (6.5°) was used for RF excitation with a moderate 3-s sampling period. 

The 13C quadrature Tx coil was used to provide homogeneous excitations over the brain 

Ma et al. Page 8

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



region. The receive profile was sufficiently large and spatially homogeneous to assess 

signals from deep white matter and central brain structures. Despite the small flip-angle, 

we could reliably observe time-resolved [1-13C]lactate and [13C]HCO3
– over more than 

90s, providing minimally perturbed observations of HP [1-13C]pyruvate kinetics. Spectral 

analysis in pure absorption mode resolved all the 13C peaks without cross contamination, 

which can interfere not only with accurate peak quantification but also kinetic analysis. For 

instance, a previous study that analyzed MRS in magnitude mode showed contamination of 

the large HP pyruvate peaks on products (16). As a result, the time-to-peak for [13C]HCO3
– 

was aligned with that for [1-13C]pyruvate. In our study, HCO3
– was peaked approximately 

13 s after pyruvate peaked.

In the present study, kinetic analysis was performed using two largely acceptable methods. 

The first analysis describes the production rate of each metabolite, based on its initial 

appearance using the time-to-peak (τ) and the initial slopes (s). The second analysis 

estimates the apparent metabolite conversion rate constants (k) and in vivo T1s. Compared to 

the previous brain studies (16,23), the inter-subject variability of the parameters was much 

smaller. This could be due to the lack of spatial selectivity of simple slice-selective MRS, 

blurring region-specific inter-subject variability, but is also possibly due to high SNRs. 

The time-resolved measurements and the AUCs of HP [1-13C]pyruvate, [1-13C]lactate 

and [13C]HCO3
– reported in this study will provide useful and reliable reference for 

future studies in developing MR acquisition strategies and interpreting imaging results. 

For instance, metabolite ratios are commonly used to describe radiographic analysis of HP 

results even for single time-point images. Although reliability of HCO3
–/lactate attenuates 

in the later time points due to the decreasing SNRs of the HP signals, our data showed that 

the HCO3
–-to-lactate ratio rapidly and monotonically increases over time from less than 0.2 

at 20 s to more than 0.5 at 80 s in all imaging slices (Fig.7C), implying that the single-time-

point approach needs to be performed and interpreted carefully. Moreover, this study showed 

that the kinetic profile of pyruvate-hydrate, a pH-regulated and metabolically inactive 

product, was similar to that of pyruvate (Fig.6A). The constant ratio between pyruvate-

hydrate and pyruvate over time (Fig.7D) confirms the inertness of pyruvate-hydrate.

Quantification of HP signals, acquired from slice-selective MRS, should be performed in 

the context of constituent tissue elements within the slice. The fractional amount of each 

tissue type and its metabolic characteristics as well as microstructural information such as 

perfusion or cellular density needs to be understood to properly interpret the acquired HP 

signals. As part of this approach, tissue regression analysis was performed by comparing 

HP signals with segmented 1H MRI of the corresponding brain slice to interrogate lactate 

and HCO3
– production in GM, WM, and CSF. In principle, the kinetics of HP pyruvate 

metabolism are a function of pyruvate delivery to the brain, LDH activity and PDH activity. 

The transport of pyruvate through the blood–brain barrier (BBB) consists of both a saturable 

MCT-facilitated process and a passive diffusion process. MCT1 is mainly detected on 

endothelial cells of the BBB (32,33) and has been reported as a rate limiting step for 

the conversion of HP pyruvate to lactate (34,35) and HCO3
– (36) in the brain. Previous 

studies also suggested that BBB transport is saturated with a bolus injection of HP pyruvate 

(37,38). MCT transportation to astrocytes and neurons is not likely further limited as they 
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express sufficient MCT2 and MCT4 (Km = 3.5 – 28 mM) (32,39). We correlated GM, 

WM, and CSF volumes with HP signals because the tissue compartments have distinctive 

characteristics in perfusion, MCT, enzyme activities, and intrinsic metabolite pool sizes (39–

43). Measured HP signals of pyruvate, lactate, and HCO3
– within the prescribed brain slices 

were largely proportional to GM and WM volumes within the slice. The strong positive 

correlation of the detected HP pyruvate and lactate signals with the total GM volumes as 

well as the positive relationship between tC-normalized HP pyruvate and fractional GM 

suggest that GM is likely the dominant tissue types that produce HP signals. The positive 

correlation between the GM volume and HP signals were reported previously (16,22) and 

are supported by 1.4–4 times higher perfusion in GM than WM (40). Moreover, the MCT 

family transports pyruvate and lactate into cells more rapidly in GM (pKm = 1 mM) than 

in WM (pKm = 0.1 mM) (39). GM has nearly twice high LDH expression as WM (41). 

However, the positive correlation of HP signals with WM volumes does not necessarily 

indicate that the HP signals are proportional to WM volumes. Indeed, the fractional HP 

lactate and HCO3
– amounts decreased as the fractional WM increased. This could be due 

to normalization by pyruvate-dominant tC or saturated transport to brain cells via the BBB. 

HP pyruvate signal decreased as the CSF volume increased for both total or fractional 

quantification, which may be due to the low perfusion. CSF was the only site where 

fractional HP lactate was positively correlated with fractional volume. Despite the lower 

LDH expression in CSF than in GM and WM (41), the significantly larger lactate pool size 

in CSF (1.2–2.1 mM) (42) than in WM and GM (0.6–1 mM (43)) probably contributed to the 

positive correlation between lactate/tC and the fractional CSF.

The neurovascular coupling of astrocytes (44), the large contribution of lactate conversion 

in plasma and other organs (45,46), and rapid lactate shuttle between astrocytes and neurons 

suggest that both neurons and astrocytes as well as vasculature and extracellular space 

contribute to HP lactate signal. In mitochondria, pyruvate is largely metabolized via PDH 

or PC, which are dominant in neurons and astrocytes, respectively (44,47,48). Previously, 

production of 13C-labeled aspartate, malate, and fumarate from HP [1-13C]pyruvate was 

suggested as surrogate biomarkers for pyruvate carboxylation (49). [13C]HCO3
– can be 

produced from HP [1-13C]pyruvate via both PDH and PC pathways (25,50). Since neuronal 

pyruvate carboxylation does not play an important quantitative role (51,52), the absence of 

PC-specific HP products in the brain implies that the HCO3
– was primarily generated via 

PDH flux in neurons. This result is supported by the large cortical HP HCO3
– production 

in previous imaging studies (12,22) and suggests that HP [1-13C]pyruvate is preferably 

metabolized in neurons and, therefore, probes neuron-specific metabolism. Other metabolic 

pathways such as ALT and aspartate aminotransferase that are tightly associated with 

pyruvate carboxylation (53) are also unlikely detectable in the brain in vivo using HP 

pyruvate.

Assessment of cerebral alanine production would provide unique opportunity to estimate 

alanine cycling, an important metabolic step for transferring ammonia, which is essential 

in the glutamate/glutamine cycling, to glial cells. However, we excluded alanine from the 

analysis because the dominant source of alanine production is likely peripheral muscle tissue 

rather than the brain as previously reported (12,54). Indeed, the peak shape of the detected 
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alanine peak was highly variable and dissimilar to the other peaks, reflecting that the alanine 

distribution was different from the other 13C-metabolites.

In vivo investigation of HP pyruvate using dynamic MRS has several advantages over 

imaging approaches. First, the method is technically affordable. The simple FID acquisition 

does not need demanding hardware requirements (e.g., gradient performance). Moreover, 

the spectroscopic acquisition is less prone to artifacts. For instance, spectral spatial RF 

excitation with imaging readouts (17,22) or imaging with different echo times and IDEAL 

(iterative decomposition of water and fat with echo asymmetry and least-squares estimation) 

reconstruction (16) that were utilized in the previous human brain studies are susceptible 

to potential signal contamination of the large pyruvate signal due to B0 inhomogeneity 

and sideband RF excitations. Second, the achievable SNR is higher than imaging methods 

at the expense of spatial information. Therefore, it is worth it to consider dynamic MRS 

for assessment of metabolites with SNR challenges. Indeed, a limited number of studies 

reported cerebral [13C]HCO3
– maps with compromised SNR. With dynamic MRS, HCO3

– 

kinetics could be acquired with adequate SNR even with 6.5° excitation, allowing nearly 

unperturbed full observation of in vivo HP pyruvate to HCO3
– conversion. If needed, SNR 

can be further improved by simply increasing the flip-angle. As a non-imaging method, 

MRS has limited access to spatial information. However, regional assessment of lactate/tC 

and HCO3
–/tC was attempted by exploiting the multichannel receive array and multi-slice 

acquisition. The coil-wise spectral analysis could quantify HP metabolites populated in the 

immediate vicinity from each 13C receive coil element. Acknowledging the cerebral cortices 

as dominant HP signal sources (55), the coil-by-coil analysis has potential for assessing 

regional brain metabolism. In particular, the coil-wise analysis is more appropriate for RF 

coils with a larger number of receive arrays with a smaller dimension of each coil element. 

Moreover, identification of coil locations and correction of multichannel sensitivity will 

be required for more systematic and accurate regional assessment of each metabolite (as 

opposed to metabolite ratios as demonstrated in this study) (56).

Because of the absence of radioactivity, serial injections of HP pyruvate are acceptable. 

The repeatability of HP pyruvate exams was briefly discussed in a previous cardiac study 

(57), but no prior human study has reported the reproducibility of HP measurements in the 

brain. We demonstrated the feasibility of two consecutive injections of HP pyruvate with a 

45-minute time-interval between the injections and did not detect any noticeable difference 

in the acquired dynamic 13C spectra between the injections. This study, therefore, lays the 

groundwork for longitudinal studies such as monitoring the acute response to a therapy 

following the baseline scan in a single MR session. However, considering the small number 

of participants in this study and multiple potential physiological variables, further studies 

with a larger group will be needed to verify the reproducibility or to investigate subtle 

changes in metabolism due to the first injection of HP pyruvate.

The rate of oxidative metabolism and biosynthetic processes in the brain is high. 

Altered utilization of glucose and other substrates such as lactate or ketones occurs 

in different nutritional states or in several neurological disorders. As demonstrated in 

preclinical studies, HP [1-13C]pyruvate has potential in imaging metabolic alterations which 

commonly manifest in neurological pathological states, including intracranial malignancies, 
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neuroinflammation, and brain injuries. Hosever, several neuropathological conditions are 

often associated with additional technical challenges, such as decreased HCO3
– production 

and magnetic susceptibility secondary to hemorrhage or calcifications. Dynamic 13C MRS 

in combination with multichannel RF coils would be as an affordable and reliable alternative 

to imaging methods in investigating cerebral metabolism using HP [1-13C]pyruvate.
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Figure 1. 13C/1H dual-frequency RF head coil.
The 13C/1H dual-frequency RF head coil that consists of 1H quadrature Tx and Rx, 13C 

quadrature Tx and 8-channel 13C receive Rx arrays was developed for this study.
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Figure 2. SNR comparison between 13C MRS with small flip-angle excitation and 13C MRI with 
90° excitation.
(A) 1H T2-weighted fast spin echo image of the gadolinium-doped spherical [13C]HCO3

− 

phantom was acquired with the 13C/1H dual-frequency RF head coil. (B) 13C images of the 

phantom with three nominal in-plane spatial resolutions (3.0 cm × 3.0 cm, 1.5 cm × 1.5 cm 

and 1.0 cm × 1.0 cm) were acquired using a 2D slice-selective spiral imaging sequence with 

90° excitation. (C) 13C spectrum acquired using MRS with 6.5° flip-angle from the same 

phantom.
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Figure 3. Time-averaged 13C spectra of four axial brain slices.
(A) Time-averaged, coil-combined, and phase-corrected spectra, normalized by the 

maximum pyruvate peak, from a representative participant. Prescription of four axial slices 

for HP 13C MRS is shown in the sagittal 1H MRI. (B) HP [1-13C]lactate, [13C]HCO3
–, 

[1-13C]alanine, and [1-13C]pyruvate-hydrate, normalized by total HP 13C (tC). Measurement 

from slice #1, #2, #3 and #4 are color-coded in black, red, blue, and green, respectively. (C) 

Metabolite ratios of lactate-to-pyruvate, HCO3
–-to-pyruvate, pyruvate-hydrate-to-pyruvate, 

and HCO3
–-to-lactate.
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Figure 4. Correlation of HP signals to brain volumes.
(A) Area under the curves (AUCs) for HP [1-13C]pyruvate (black dots), [1-13C]lactate (red 

dots), and [13C]HCO3
– (blue dots) from each brain slice in relation to the brain volumes of 

WM, GM, and CSF within the slice. (B) HP 13C signal intensities of each metabolite relative 

to the total HP 13C signal (tC) within the slice in relation to fractional brain volumes of WM, 

GM, and CSF of the slice. Lines indicate linear regressions (solid: p-value ≤ 0.05, dotted: p 

> 0.5). Lac: [1-13C]lactate, Bic: [13C]HCO3
–, Ala: [1-13C]alanine, Pyr-Hyd: [1-13C]pyruvate 

hydrate, Pyr: [1-13C]pyruvate, WM: white matter, GM: grey matter, CSF: cerebrospinal 

fluid.
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Figure 5. Coil-wise reconstruction of HP 13C spectra.
Time-averaged 13C spectra and metabolite ratios for individual 13C coil elements. 

[1-13C]Lactate and [13C]HCO3
–, normalized by total HP 13C signals (tC), from each 13C 

channel are color-coded in red and blue, respectively, and overlaid on the corresponding 

brain slice (slice #1) to indicate the region-weighted measurements.
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Figure 6. Kinetic analysis.
(A) Representative time-curves of HP [1-13C]pyruvate (black filled circle), [1-13C]lactate 

(red cross), [13C]HCO3
– (blue empty circle), and [1-13C]pyruvate-hydrate (green triangle). 

Times-to-peak and initial slope for pyruvate, lactate, and HCO3
– are shown. (B) Measured 

(markers) and fitted (solid lines) for [1-13C]lactate (red) and [13C]HCO3
– (blue) in slices 

#1 – #4 from a representative participant. Measured [1-13C]pyruvate is shown in black. 

(C) Initial slopes of [1-13C]lactate (red) and [13C]HCO3
– (blue) relative to the initial 

slope of [1-13C]pyruvate, (D) times-to-peak for [1-13C]pyruvate (black), [1-13C]lactate 

(red), and [13C]HCO3
– (blue) from the start of HP [1-13C]pyruvate injection, and (E) 

apparent conversion rate constants from [1-13C]pyruvate to [1-13C]lactate (kPL, red) and to 

[13C]HCO3
– (kPB, blue) for each brain slice.
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Figure 7. Time-resolved metabolic ratios.
(A) HCO3

–/tC, (B) lactate/tC and (C) HCO3
–/lactate increased over time after each HP 

injection while (D) pyruvate-hydrate/pyruvate was maintained constant. The increasing 

behavior of these metabolite ratios was consistent over different brain slices.
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Figure 8. Reproducibility of HP [1-13C]pyruvate.
(A) Area under the curves (AUCs) for pyruvate, lactate, and bicarbonate, normalized by total 

HP 13C signals (tC), (B) apparent pyruvate conversion rate constants to lactate (kPL) and 

bicarbonate (kPB), and (C) initial slopes of lactate and bicarbonate production relative to the 

pyruvate slope were comparable between two consecutive HP [1-13C]pyruvate studies. The 

two HP pyruvate MRS data were acquired with a 45-min interval between the injections.
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Table 1.

Study participant demographics.

Participant ID 1 2 3 4

Age (years) 25 48 24 65

Gender M F F F

BMI (kg/m2) 29.0 26.4 22.3 27.8

#Injections 1 2 2 2
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Table 2.

Metabolite ratios of HP 13C signals in the brain.

Slice 1 Slice 2 Slice 3 Slice 4

Lactate/tC 0.212 ± 0.018 0.222 ± 0.018 0.244 ± 0.040 0.242 ± 0.039

Bicarbonate/tC 0.065 ± 0.012 0.082 ± 0.019 0.091 ± 0.014 0.073 ± 0.019

Alanine/tC 0.026 ± 0.004 0.014 ± 0.008 0.011 ± 0.002 0.0021 ± 0.013

Bicarbonate/Lactate 0.313 ± 0.085 0.373 ± 0.086 0.381 ± 0.089 0.299 ± 0.052

Pyruvate-Hydrate/Pyruvate 0.055 ± 0.003 0.054 ± 0.008 0.048 ± 0.014 0.067 ± 0.026
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