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Hyperpolarized (HP) [1-13C]lactate is an attractive alternative to [1-13C]pyruvate as a

substrate to investigate cardiac metabolism in vivo: it can be administered safely at a

higher dose and can be polarized to a degree similar to pyruvate via dynamic nuclear

polarization. While 13C cardiac experiments using HP lactate have been performed in

small animal models, they have not been demonstrated in large animal models or

humans. Utilizing the same hardware and data acquisition methods as the first human

HP 13C cardiac study, 13C metabolic images were acquired following injections of HP

[1-13C]lactate in porcine hearts. Data were also acquired using HP [1-13C]pyruvate

for comparison. The 13C bicarbonate signal was localized to the myocardium and had

a similar appearance with both substrates for all animals. No 13C pyruvate signal was

detected in the experiments following injection of HP 13C lactate. The signal-to-noise

ratio (SNR) of injected lactate was 88 ± 4% of the SNR of injected pyruvate, and the

SNR of bicarbonate in the experiments using lactate as the substrate was 52 ± 19%

of the SNR in the experiments using pyruvate as the substrate. The lower SNR was

likely due to the shorter T1 of [1-13C]lactate as compared with [1-13C]pyruvate and

the additional enzyme-catalyzed metabolic conversion step before the 13C nuclei

from [1-13C]lactate were detected as 13C bicarbonate. While challenges remain, the

potential of HP lactate as a substrate for clinical metabolic imaging of human heart

has been demonstrated.
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1 | INTRODUCTION

Hyperpolarized (HP) 13C MRI is a promising tool for non-invasive characterization of in vivo metabolism.1,2 It has been demonstrated in small and

large animal models that HP MRI can be used to probe changes in cardiac metabolism due to modulation in substrate availability as well as cardiac

diseases.3–5 The feasibility of studying cardiac metabolism in the human heart has also been shown recently.6,7 In all the HP metabolic imaging

studies performed so far, [1-13C]pyruvate is the most commonly used substrate due to the high achievable polarization, the long T1 relaxation

time, and the important role of pyruvate in cellular metabolism. However, pyruvate is typically injected in supraphysiological concentrations

(>0.1 mmol/kg), potentially altering the metabolic system that is being interrogated. While it is true that some of the injected pyruvate is

converted to lactate by red cells, within the time scale of the HP MRI and MRS experiments the arrival of the HP signal at the organ of interest

is overwhelmingly that of the HP pyruvate, as observed in time resolved data from human prostate, brain, and heart.2,7,8 [1-13C]lactate is an

attractive alternative: it can be given safely at high millimolar physiological concentrations and can be polarized to a similar degree as pyruvate via

Abbreviations: DNP, dynamic nuclear polarization; HP, hyperpolarized; SNR, signal-to-noise ratio.
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dynamic nuclear polarization (DNP).9–12 Potentially, Pyruvate Dehydrogenase (PDH) flux can be interrogated with less disturbance of the meta-

bolic state by measuring HP pyruvate and bicarbonate signal within the cardiac muscle produced from the HP lactate substrate.10

Several 13C experiments using HP lactate have been performed in small animal models by various groups.9–13 Some of the studies utilized

[1-13C]sodium lactate salt prepared in a water and glycerol mixture for DNP; while it was shown in one study that it may be possible to achieve

polarization similar to that with [1-13C]pyruvate using the same equipment, the limited solubility of the sodium salt and the need for a glassing

agent drastically reduced the achievable dose size. More recently, [1-13C]lactic acid was used instead of sodium lactate in HP studies in rodent

hearts and livers. Similarly to pyruvic acid, lactic acid offers much higher concentration of the substrate per volume and it does not require a glass

agent for DNP.10,11 However, in these initial studies self-polymerization products of lactic acid were observed in the samples and may have lim-

ited the achievable polarization, which was less than that of HP [1-13C]pyruvate. The resonances from the polylactic acid resonances also made it

difficult to reliably quantify the [1-13C]alanine resonance.

In the studies to date of HP [1-13C]lactate for cardiac metabolic imaging studies,9,10 it was demonstrated that it is possible to investigate car-

diac PDH flux in vivo using HP lactate instead of pyruvate as the substrate. However, lower bicarbonate signal and lower bicarbonate to substrate

ratios were observed in both studies. There were a number of different factors involved in these studies that may have contributed to these

observations (lower lactate dose in one study, lower lactate polarization in another study). It would appear that using lactate as the substrate may

be somewhat less sensitive as compared with pyruvate; however, there is still good potential utility for HP lactate in clinical cardiac metabolic

imaging studies because a higher safe dosage of HP lactate may be possible.

Despite these challenges with the lactic acid samples, since highly concentrated lactic acid solution can be polarized without the addition of a

glassing agent, which would significantly dilute the sample, it is possible to produce similarly sized doses of HP lactate in solution as compared

with pyruvate, using the same instrumentation. Utilizing the same hardware and data acquisition methods as were used in the initial human HP
13C cardiac study,6 we investigated the use of HP [1-13C]lactic acid as a probe of cardiac metabolism in a porcine model Data were also acquired

using HP [1-13C]pyruvate as the substrate in the same animals for comparison.

2 | METHODS

2.1 | Hardware and sample preparation

All scans were performed using a 3 T MR system (GE MR750, GE Healthcare, Waukesha, Wisconsin). A 13C “clamshell” volume transmit coil and

an eight channel receive coil system that consists of two separate paddles each containing four receive elements were used (GE). The pigs were

placed supine and feet first inside the transmit coil, with one of the receive paddle arrays placed on the anterior chest wall over the heart. [1-13C]

lactic acid (with 20% water) or neat [1-13C]pyruvic acid (ISOTEC, Miamisburg, Ohio) was mixed with 15 mM trityl radical (GE) and polarized in a

GE SpinLab DNP polarizer. Details of the lactic acid sample preparation and polarization and T1 measurements of HP [1-13C]lactate in solution are

included in theSupporting Information. 250 mg of either substrate was loaded into the sample vial, but since the lactic acid sample is less concen-

trated an additional amount of water was added in the receiver for the pyruvate sample (in addition to the TRIS/NaOH neutralization solution) to

achieve the same final concentration for both substrates. Following dissolution and neutralization, the HP sample was transferred to the MR scan-

ner room as quickly as possible and the substrate (either lactate or pyruvate) at 125 mM in 15 mL was injected at a rate of 1 mL/s, followed by a

5 mL saline flush. The dissolution, neutralization, and sample transfer processes were identical for the two substrates. The dose used

(�0.06 mmol/kg) was based on previous studies in pigs using similar set-up and imaging methods.14,15

2.2 | 13C cardiac MRS/MRI protocols

All animal experiments were carried out under a protocol approved by the institutional animal care and use committee. Animal preparation and

handling procedures followed the same methods as described previously.14 Briefly the animals were fasted one day prior to the study but were

give oral glucose loading (25 g glucose) one hour prior to anesthesia. Three Yorkshire pigs were used in these experiments (30-33 kg). Three infu-

sions of HP substrates (two lactate, one pyruvate) were performed during each experiment, approximately 30 min apart. The heart rates of the

pigs were monitored during the substrate injections and no changes were observed when either HP lactate or HP pyruvate was injected.

For the dynamic MRS experiments, a pulse-acquire pulse sequence with 9� flip angle and a cardiac gated repetition time of about 2 s (three

or four R-R intervals) was used. The data acquisition started at the same time as the injection and 64 temporally resolved spectra were acquired.

For the 13C imaging experiments, short-axis images of 13C-bicarbonate, [1-13C]lactate, and [1-13C]pyruvate were obtained using a multi-slice,

spectrally selective spiral imaging pulse sequence covering the left ventricle as previously used in both pre-clinical large animal models and human

studies (1 � 1 � 1 cm3 resolution, six slices total, three slices excited and imaged per cardiac cycle, scan duration 18 cardiac cycles with each

metabolite image acquired three times).6,14 Data acquisition started following a delay from the time of injection determined from the dynamic
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MRS data from each subject. The experimental protocol is summarized in Table 1. For experiments using lactate, the metabolite acquisition order

was modified to preserve the magnetization of the substrate (Figure 1). The spiral images were reconstructed by non-uniform fast Fourier trans-

form. A 10 Hz exponential filter was applied to the time-domain spiral data, resulting in a final in-plane resolution of 13 � 13 mm2. Images from

the individual coil channels were combined using a root sum-of-squares combination. The maximum signal-to-noise ratio (SNR) for each metabo-

lite image was calculated by dividing the maximum signal by the standard deviation over the image background.

3 | RESULTS

Representative dynamic 13C spectra acquired from pig heart in vivo following injection of HP [1-13C]lactate are shown in Figure 2. In addition to

the substrate resonance, [1-13C]pyruvate, [1-13C]alanine and 13C bicarbonate resonances were also observed. The first 30 spectra from the

dynamic MRS data (Figure 2, left) as well as the spectrum from the time point with maximum 13C bicarbonate signal (Figure 2, right) are shown.

The time courses of the HP [1-13C]lactate and 13C bicarbonate signals for the three animals are plotted in Figure 3. Note that the shapes of the

substrate bolus as well as the times from injection to temporal maximum for both substrate and metabolites were somewhat different for the

three subjects. This was likely due to variability associated with the manual injections. Physiological differences between the subjects may also

TABLE 1 Summary of MR
experiments performed on each subject

Dissolution no: 1 2 3

Scan type Whole-heart MRS Imaging Imaging

Substrate [1-13C]lactate [1-13C]lactate [1-13C]pyruvate

Delay from injection 0 s 30-50 s Same as 2

Breath hold No Yes (18 R-R) Yes (18 R-R)

F IGURE 1 Flip angle schedule of the multi-slice spectrally selective spiral imaging pulse sequence used for 13C cardiac imaging following
injection of HP [1-13C]pyruvate or [1-13C]lactate

F IGURE 2 Representative 13C spectra acquired from a pig heart in vivo following injection of HP [1-13C]lactate. The first 30 spectra from the
dynamic MRS dataset (left) as well as the spectrum with the maximum 13C bicarbonate signal (right) are shown
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play a role. While the injected lactate time-to-peak from the start of injection had a larger range of values at 19 s, 13 s, and 25 s, the lactate and

bicarbonate peak-to-peak duration were more similar at 19 s, 24 s, and 20 s. The imaging window for the subsequent 13C MRI experiments were

chosen so that the start of the imaging acquisition was at the temporal maximum of the 13C bicarbonate (shown in Figure 3 as green blocks). The

bicarbonate-to-lactate and bicarbonate-to-alanine ratios from these dynamic MRS data (area under the plot versus time) were 0.016 ± 0.002 and

2.5 ± 0.2, respectively. The relative metabolic conversion for bicarbonate and alanine observed in this study is similar to that in a previous report

on pig hearts with pyruvate as the substrate.16

Images of HP 13C lactate, pyruvate, and bicarbonate from the hearts of the three animals are shown in Figure 4. The 13C substrate signals,

whether lactate or pyruvate, were localized primarily in the cardiac chambers. The 13C bicarbonate signals were localized in the myocardium and had

a similar appearance using either substrate for all animals. Similarly to prior studies using the same clamshell transmit coil and paddle receive array

F IGURE 3 Signal time course for the injected HP [1-13C]lactate substrate and 13C bicarbonate obtained from the dynamic MRS experiments.
The imaging windows for the subsequent 13C imaging experiments are indicated by the green blocks
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placed on the anterior of the subject, the spatial variation of the bicarbonate signal from anterior of the left ventricular heart towards the posterior

can be observed.6,17 Another factor was the prominent sternum and the curvature of the rib bones of the pigs, making it difficult to place the paddle

coil in a consistent and stable position relative to the heart. Different coil placements relative to the orientation and location of the pig heart likely

resulted in between subjects, contributing to signal variation using both substrates. No 13C pyruvate signals were detected in the experiments fol-

lowing injection of HP 13C lactate. 13C lactate images obtained in the experiments following injection of HP 13C pyruvate showed amore diffuse spa-

tial distribution, similar to data observed previously.14 The maximum SNR from the 13C images of the injected substrate as well as bicarbonate is

shown in Figure 5. The SNR of injected lactate was 88 ± 14% of the SNR of injected pyruvate, and this indicated that the initial polarizations of the

two substrates were likely similar. The SNR of bicarbonate in the experiments using lactate as the substrate was lower, however, at 52 ± 19% of the

SNR in the experiments using pyruvate as the substrate. We also tested the impact of the flip angle scheme on bicarbonate SNR, as applying a 90�

pulse to pyruvate when using lactate as the substrate may potentially have a negative impact on the bicarbonate SNR in subsequent images. To test

this hypothesis, we compared ratios between the second and first, and third and first, sets of bicarbonate images when using either pyruvate or lac-

tate as the substrate. The reduction in bicarbonate SNR was comparable between substrates, with 73 ± 9% versus 83 ± 11% reduction (pyruvate

and lactate as substrate, respectively) for the second time point, and 53 ± 12% versus 70 ± 22% reduction for the third time point. No significant dif-

ferences were found for either time-point comparison using aWilcoxon rank-sum test.

4 | DISCUSSIONS

While the safety and feasibility of using HP [1-13C]pyruvate as a tool to interrogate cellular metabolism has been demonstrated in many studies in

humans,2,6–8,18–20 HP [1-13C]lactate represents an alternative for probing cardiac PDH flux with less perturbation of the metabolic state. At the

F IGURE 4 HP 13C imaging data from the hearts of the three animals scanned in this study

F IGURE 5 Maximum SNR from the 13C imaging experiments for
both injected substrates as well as the metabolic product bicarbonate
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0.1 mmol/kg dose that has been utilized in all the human HP [1-13C]pyruvate studies to date, the injected substrate concentration (�2 mM after

dilution by blood) would greatly exceed its endogenous blood concentration.21 However, using the same dose of lactate results in a similar or

lower substrate concentration as compared with its endogenous concentration.

It has also been shown that it is possible to hyperpolarize lactate to a similar level as compared with pyruvate using the HyperSense DNP

polarizer system,9–11 and it was also demonstrated that a similar level of polarization (�50%, see Supporting Information) in solution was achieved

for [1-13C]lactate as compared with [1-13C]pyruvate using the SPINlab polarizer in this study. Since lactic acid and pyruvic acid have similarly high

concentrations, it should also be possible to produce the size of dose needed for human studies using the SPINlab polarizer.22 However, one

potential disadvantage of using HP lactate as compared with pyruvate is the shorter T1 of lactate and its potential impact on the available magne-

tization during imaging. T1 values of HP [1-13C]lactate in solution have been reported previously in the range of 45 s-50 s at 3 T,10,23,24 similar to

the 53 s T1 measured from the samples tested in this study (Supporting Information). If the T1 measured at 3 T is used to approximate the signal

loss during sample transport and injection, comparing with [1-13C]pyruvate, which has a T1 of 65 s measured at 3 T,25,26 HP [1-13C]lactate would

have approximately 85% of the signal of [1-13C]pyruvate at 50 s post dissolution, assuming that the polarization at dissolution is the same. This

estimate agrees with the imaging data from this study: the maximum SNR of injected HP lactate was 88% of that of injected HP pyruvate. Also,

to assess changes in cardiac PDH flux using lactate as the injected substrate, the 13C labeled molecule passes through two enzyme mediated con-

version steps before it is detected as 13C bicarbonate, adding a potential mechanism for additional relaxation before the metabolite image is

acquired. While prior studies have compared use of the two HP substrates in rodent hearts, the in vivo SNRs of resulting substrate and metabolic

product 13C images have not been directly compared using the same dose of both substrates.

In this study, using the same polarization protocol and final sample concentration and volume (and similar polarization levels achieved in solu-

tion) for both substrates, the 13C substrate and 13C bicarbonate images in pig hearts were acquired and compared following injection of 13C lactate

and 13C pyruvate into the same subject. Not surprisingly, in experiments using HP lactate, the substrate images had lower SNR, whichwasmost likely

due to the shorter T1. The
13C bicarbonate images also had lower SNR and by a greater degree. Since the substrate image and the 13C bicarbonate

image were acquired during the same relatively short imaging window, this additional loss in sensitivity for 13C bicarbonate from using 13C lactate as

the substrate is potentially due to the additional interaction of the 13C labeled molecule with the LDH enzyme. It is also worth noting that when

[1-13C]lactate is used as a substrate the local intracellular pyruvate concentration is likely limited by the redox balance (this is evident by the low 13C

pyruvate signal observed following HP 13C lactate injection) and lower as compared with when [1-13C]pyruvate was used. The lower intracellular

pyruvate concentration when HP [1-13C]lactate is injected may have an impact on the bicarbonate SNR, as a previous study in rodent hearts demon-

strated that bicarbonate production increasedwith injected pyruvate dose up to about 0.11 mmole/kg.27While it is possible to produce a larger dose

of HP [1-13C]lactate using the SPINlab polarizer, the goal of this study was to demonstrate feasibility and to compare with [1-13C]pyruvate at the

same dose as used in prior pig heart studies.14,15 Whether a larger dose of HP lactate can improve imaging SNR and whether 13C imaging using HP

lactate can provide similar level of sensitivity for cardiac metabolic changes due to fasting or elevatedworkload will be explored in future studies.

The injection rate used in these experiments was much slower than that used in human HP 13C studies to date. However, the 1 mL/s rate

was chosen to be consistent with all previous pig heart studies done by our group, and this injection rate has been validated with the ear vein as

the injection point.14 Compared with a faster injection, the temporal responses of the substrate and metabolite signals are likely delayed and have

a broader shape. While this may lead to more signal decay prior to imaging, it is also more feasible to center the imaging window at the plateau of

the metabolite signal curve.

In human studies using HP substrates to date, the time between dissolution and injection has been substantially longer than in pre-clinical

studies (�60 s versus �25 s) due to the extra quality control and time to load the power injector. This could pose a challenge for HP lactate as a

substrate for imaging of human heart. Achieving higher polarization and a faster QC process and sample delivery may be necessary before [1-13C]

lactate can be routinely used for HP 13C cardiac imaging. However, it may also be possible to infuse a significantly larger dose of lactate as com-

pared with pyruvate, and to allow a longer imaging window and thus opportunities for signal averaging.

5 | CONCLUSIONS

In this study, the feasibility of obtaining 13C bicarbonate images of the heart following injection of HP [1-13C]lactate was demonstrated in a large

animal model, using the same hardware and data acquisition as used in prior human studies. HP [1-13C]lactate was also compared with [1-13]pyru-

vate for cardiac metabolic imaging at the same dose. Lower 13C imaging SNR was observed in the experiments using lactate, but the potential of

using lactate as a substrate for clinical cardiac metabolic imaging was demonstrated.
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