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Abstract

Purpose—In contrast to [1-13C]pyruvate, hyperpolarized [2-13C]pyruvate permits the ability to

follow the 13C label beyond flux through pyruvate dehydrogenase complex and investigate the

incorporation of acetyl-CoA into different metabolic pathways. However, chemical shift imaging

(CSI) with [2-13C]pyruvate is challenging due to the large spectral dispersion of the resonances,

which also leads to severe chemical shift displacement artifacts for slice-selective acquisitions.

Methods—This work introduces a sequence for 3D CSI of [2-13C]pyruvate using spectrally-

selective excitation of limited frequency bands containing a subset of metabolites. Dynamic CSI

data were acquired alternately from multiple frequency bands in phantoms for sequence testing

and in vivo in rat heart.

Results—Phantom experiments verified the RF pulse design and demonstrated that the signal

behavior of each group of resonances was unaffected by excitation of the other frequency bands.

Dynamic 3D 13C CSI data demonstrated the sequence capability to image pyruvate, lactate,

acetylcarnitine, glutamate and acetoacetate, enabling the analysis of organ-specific spectra and

metabolite time-courses.

Conclusion—The presented method allows CSI of widely separated resonances without

chemical shift displacement artifact, acquiring multiple frequency bands alternately to obtain

dynamic time-course information. This approach enables robust imaging of downstream metabolic

products of acetyl-CoA with hyperpolarized [2-13C]pyruvate.
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Introduction

Spectroscopic imaging with hyperpolarized 13C compounds enables the measurement of

metabolic processes in real time in vivo. The most common substrate, [1-13C]pyruvate

(Pyr), has been used to monitor the conversion to lactate (Lac), alanine (Ala) and

bicarbonate (Bic) as a biomarker for tumor diagnosis, response to therapy and

cardiovascular pathologies [1–7]. A number of fast 13C spectroscopic imaging techniques

have demonstrated the ability to image the metabolism of hyperpolarized [1-13C]pyruvate in

vivo within the limited lifetime of the hyperpolarized signal. Specialized pulse sequences

have been developed focusing on methods including accelerating acquisitions, optimizing

signal-to-noise ratio (SNR), quantitation of metabolic kinetics, as well as distinguishing

local conversion from inflow [8–18].

Pyruvate is converted to acetyl-coenzyme A (acetyl-CoA) by the enzyme complex pyruvate

dehydrogenase (PDC) as a first step toward entering the tricarboxylic acid (TCA) cycle,

which is a critical pathway for energy production via oxidative metabolism. Using

[1-13C]pyruvate, the formation of acetyl-CoA releases the 13C label as 13CO2/13C-

bicarbonate which provides a measure of PDC flux, but does not allow an assessment of the

fate of acetyl-CoA. Thus, there has also been growing interest in using hyperpolarized

pyruvate labeled in the C2 position to track the 13C label further downstream into the

tricarboxylic acid (TCA) cycle and other metabolic pathways. Some of the metabolic

products detected with [2-13C]pyruvate in recent studies [19–24] include [1-13C]citrate (Cit)

in the first span of the TCA cycle, [5-13C]glutamate (Glu), which is in exchange with TCA

cycle intermediate α-ketoglutarate, [1-13C]acetylcarnitine (Alcar) generated from acetyl-

CoA via carnitine acetyltransferase (CAT) and [1,3-13C]acetoacetate (Aca), which is a

ketone body produced from two molecules of acetyl-CoA. These metabolites indicate the

incorporation of the 13C label from acetyl-CoA into different metabolic pathways.

The majority of the in vivo studies with hyperpolarized [2-13C]pyruvate and

[1,2-13C]pyruvate [20–22] have used a surface coil for localization, obtaining spectra from

the entire sensitive volume. Chemical shift imaging (CSI) with [2-13C]pyruvate is

challenging given the wide spectral dispersion of the resonances, e.g. approximately 160

ppm from [2-13C]alanine to [2-13C]pyruvate, i.e. ~ 5000 Hz at 3T. Hence, a conventional

slice-selective acquisition [23] suffers from severe chemical shift displacement artifact.

Additionally, this large frequency range greatly exceeds the practical spectral bandwidth

limits of many fast spectroscopic imaging approaches and encoding the entire frequency

span can significantly increase the imaging time. The spectral bandwidth to be covered can

be reduced by exciting only a single resonance of a smaller sub-band of resonances with a

spectrally selective excitation. Cunningham et al [8] have demonstrated the use of spectral-

spatial excitation for interleaved frequency-specific imaging of individual metabolites with

[1-13C]pyruvate. Balchandani et al [25] presented spectral-spatial excitation and acquisition

of different spectral sub-bands in an interleaved manner for 1H CSI at 7T. The method

presented here uses a spectrally selective excitation to perform 3D CSI of frequency sub-

bands with [2-13C]pyruvate. Designing a spectral-spatial RF pulse to overcome the slice

displacement artifact for the large frequency range of [2-13C]pyruvate metabolites while

also avoiding any unintended excitation of the metabolites, particularly the injected
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substrate, from spectral sidebands is quite difficult and requires long pulse durations. Instead

a spectrally selective RF excitation with 3D acquisition was used to mitigate the slice

displacement artifact. The spectrally selective pulse design also offers the advantages of

being simple to implement with a relatively short pulse duration that makes the sequence

less sensitive to T2* decay. The frequency band from 170–185 ppm containing the

resonances of [5-13C]glutamate (183.8 ppm), [1-13C]citrate (180.2 ppm),

[1-13C]acetylcarnitine (175.2 ppm), [1-13C] acetoacetate (177.3 ppm) along with

[1-13C]pyruvate (172.6 ppm) is of particular interest. A separate excitation is then used to

acquire other frequency bands such as [2-13C]pyruvate (207.8 ppm) and [2-13C]lactate (71

ppm). In this report, dynamic volumetric CSI data were acquired alternately from multiple

frequency bands for both phantoms and in vivo rat heart to demonstrate the efficacy of the

proposed imaging approach.

Methods

RF pulse

A spectrally selective RF pulse with 4-ms duration, passband = ±96 Hz at 1% amplitude

loss, FWHM = 674 Hz, maximum B1 of 14 μT for 90° flip angle was used. The RF pulse

waveform (a hamming windowed-sinc with time-bandwidth = 2) and its spectral profile are

shown in Fig. 1. With the passband centered approximately midway between glutamate and

[1-13C]pyruvate (this frequency band is referred to as the Glutamate band hereon), the

passband magnitude at glutamate and 13C1-pyruvate resonances (i.e. at ±240 Hz from the

center) was 90% of the center, and [2-13C]pyruvate signal was not excited (sidelobe null

amplitude ~10−5 at 968 Hz from passband center). A key requirement of the RF pulse design

was adequate suppression of the [2-13C]pyruvate peak when exciting the glutamate spectral

band, to limit signal contamination from the injected pyruvate aliasing into the acquired

frequency band and obscuring the low signal levels of the metabolic products. For the

subsequent sampling interval, the RF passband is moved to a different frequency band, e.g.

for the [2-13C]pyruvate or [2-13C]lactate resonances.

Sample preparation

The samples were polarized via dynamic nuclear polarization using a HyperSense system

(Oxford Instruments Molecular Biotools, Oxford, UK). The pyruvate sample used for in

vivo experiments consisted of 25 μL of a mixture of 14-M [2-13C] pyruvic acid and 15-mM

Ox063 (tris(8-carboxy-2,2,6,6-tetrakis(2-hydroxymethyl)benzo(1,2-d-4,5-d

′)bis(1,3)dithio-4-yl)methyl) trityl radical (Oxford Instruments, UK) to which 3 μL of a 1:50

dilution of Dotarem (Guerbet, France) was added prior to polarization. The polarized sample

was dissolved with a solution of 80 mM NaOH mixed with 40 mM Tris buffer and 0.1 g/L

EDTA-Na2, leading to an 80-mM solution of hyperpolarized pyruvate with a pH of 7.4–7.5.

The sample preparation for hyperpolarized phantom experiments utilized co-polarization of

[1-13C]lactate and [2-13C]pyruvate in layers in the same sample cup [26]. For the lactate

sample (bottom layer), approximately 70 mg of 1.7-mmol/g [1-13C]sodium lactate in a

water/glycerol solution with 15-mM OX063 were mixed with approximately 7 μL of a 1:50-

solution of Dotarem. After freezing the lactate sample in liquid helium (in the variable
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temperature insert of the polarizer), the pyruvate sample (as described above for the in vivo

preparation) was added to the cup and the sample was rapidly frozen to avoid mixing the

two materials. The same buffer solution was used here as for the pyruvate sample to obtain a

solution of 80-mM pyruvate and 40-mM lactate.

MR experiments

All experiments were performed on a clinical 3T Signa MR scanner (GE Healthcare,

Waukesha, WI), using a high-performance insert gradient coil operating at maximum

amplitude of 500 mT/m with a slew rate of 1865 mT/m/ms and custom-built transmit/

receive 13C and 1H coils. For phantom experiments, a dual-tuned (1H/13C) quadrature

transmit-receive RF coil (diameter=50 mm, length=60 mm), operating at 127.9 MHz and

32.2 MHz, respectively, was used. For in vivo experiments, a transmit/receive 13C surface

coil (inner diameter=28 mm) was placed on the chest over the heart (n=5) or the liver (n=2)

with the rat in the supine position. A quadrature volume rat 1H coil (diameter=70 mm) was

used for anatomical localization and to confirm the position of the 13C coil with respect to

the organ of interest.

The 3D spiral spectroscopic imaging sequence described in [18] was used with the RF pulse

described above. A spiral readout trajectory encoded the spectral and two spatial (x-y)

dimensions using 64 echoes and 2 spiral interleaves. The simultaneous encoding of the

spectral and spatial dimensions leads to a trade-off between spectral bandwidth and spatial

resolution. Achieving a larger spectral width would require a shorter spiral readout, resulting

in either a lower spatial resolution or a longer acquisition time with a greater number of

interleaves. The slice (z) direction used 12 phase encoding steps in a centric order. Imaging

parameters were: FOV=80×80×60 mm3, 5×5×5-mm3 nominal resolution, spectral

width=607 Hz, 24 excitations/volume, nominal flip angle of 5° for phantom experiments and

10° for in vivo experiments, TE=3 ms, acquisition time for the volume=2.78 s. The

cumulative effect of 24 excitations of 10° each leads to an effective flip angle of 46° for the

volume acquisition. The effective flip angle was estimated as αeff = cos−1(cosN αk), where

αk = 10° and N=24, assuming instantaneous successive excitations, ignoring any changes in

pyruvate magnetization during the time between excitations. After acquiring a volumetric

dataset for one frequency band in 2.8 s, the RF passband was then shifted to another

frequency band for the next acquisition. Dynamic data were acquired with the RF passband

alternately placed at two different frequency bands for successive time-points. The relevant

spectral bands imaged in this study were: (1) Pyruvate band for the passband centered on

[2-13C]pyruvate, (2) Glutamate band encompassing the frequency region containing the

resonances of glutamate, acetylcarnitine, acetoacetate, [1-13C]pyruvate and [1-13C]lactate,

and (3) Lactate band for the passband on the [2-13C]lactate doublet.

Accounting for the spiral trajectory sampling and the apodization applied in image

reconstruction, the actual in-plane voxel size, as estimated by the integral of the point spread

function [27], was 8.0 mm compared to the nominal 5 mm. For the z-phase encode, the

effect of apodization and the additional weighting due to the 10° RF sampling (again

ignoring any other changes in pyruvate magnetization between excitations) leads to a voxel

size of 8.2 mm. It is difficult to quantify the exact voxel size because temporal changes in
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the metabolite signal intensity can introduce additional blurring, though that effect is small

for the short 2.8 s acquisition duration in this study. Similarly, the effect of T2* decay can

also be neglected here given the short 1.3 ms spiral readout length.

Hyperpolarized phantom

To verify that the alternately excited frequency bands in the 3D CSI sequence did not impact

the hyperpolarized magnetization of resonances in the other band over multiple excitations,

the T1 relaxation of co-polarized [2-13C]pyruvate and [1-13C]lactate solution was measured

in vitro. Of the 3 spectral passbands named above in the RF pulse design section, the

pyruvate and the glutamate bands were imaged for the phantom experiments. The

[1-13C]lactate frequency lies in the passband for the glutamate band. The signal dynamics of

the CSI sequence were compared in 3 cases from 3 separate dissolutions: first with the RF

passband on lactate and pyruvate in alternate acquisitions every 2.8 s, second where the

passband excited lactate only every 5.6 s, and third with pyruvate only excitation every 5.6

s. In all cases, the total scan time was 67.2 s. For each frequency band excited, the resonance

of the other substrate was placed in a null at ±968 Hz from the passband center. For the

pyruvate excitation, lactate at −968 Hz from the passband center was not excited, while

pyruvate was at −234 Hz relative to passband center. Similarly, for the lactate excitation,

pyruvate was at +968 Hz and lactate at +234 Hz from passband center. With a nominal 5°

flip angle excitation for the passband center, the flip angle at ±234 Hz was 4° given the

spectral profile in Fig. 1. Approximately 3 mL of the hyperpolarized solution in a syringe

were placed within the RF coil. The time from dissolution to start of 3D CSI was

approximately 24 s.

As a reference, the signal dynamics of both resonances acquired with the CSI sequence were

also compared to those observed with a free induction decay (FID) pulse-and-acquire

sequence over 40 excitations for each of the abovementioned three samples. Immediately

after the 3D CSI acquisition ended, a non-selective pulse-and-acquire sequence with an

excitation flip angle of 5°, spectral width of 10 kHz and 4096 points was used to acquire 13C

spectra from the same syringe every 3 s over a 2-min period. A 32-μs hard RF pulse was

used to achieve a large excitation bandwidth to cover the wide chemical shift of the 13C

resonances. Given the 24 s delay from dissolution to start of the CSI acquisition and its 67 s

duration, the time from dissolution to start of FID was approximately 106 s.

In vivo

Healthy male Wistar rats (n=7, 5 for heart imaging and 2 for liver imaging) were injected

with approximately 3 mL of the hyperpolarized pyruvate solution through a tail vein catheter

at a rate of approximately 0.25 mL/s. The animals were anesthetized using 1–3% isoflurane,

and respiration, rectal temperature, heart rate, and oxygen saturation were monitored

throughout the experiment with temperature regulated using a warm water blanket. All

animal procedures were approved by the local Institutional Animal Care and Use

Committee.

Single-shot fast spin-echo 1H MR images with nominal in-plane resolution of 0.47 mm and

2-mm slice thickness were acquired in the axial, sagittal, and coronal planes as anatomical
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references for prescribing the 13C CSI experiments. Additional 1H 3D spoiled gradient echo

(SPGR) images (0.625-mm in-plane resolution, 1.25-mm slice thickness, 96 slices) were

also acquired matching the 13C CSI prescription for overlay of the metabolic images.

Dynamic 3D 13C CSI data were acquired every 2.8 s for 24 time points, starting at the

beginning of the pyruvate bolus injection. The time from dissolution to start of injection was

approximately 18 s. Of the 24 time-points acquired, the RF passband was placed alternately

at the glutamate band and the [2-13C]pyruvate band for successive time-points, to acquire 12

time-points for each frequency band. For some scans, the [2-13C]pyruvate band was not

acquired and the RF passband was alternated between the glutamate band and the

[2-13C]lactate band instead. For the lactate band, the transmit frequency was placed slightly

higher than the down-field peak of the lactate doublet, such that the chemical shift of the

[2-13C]alanine doublet at about 53 ppm was in the stopband with approximately 1% ripple.

This was done to avoid signal contamination from alanine, which would otherwise alias and

overlap with lactate given the 607 Hz spectral width of the spiral CSI acquisition.

Post-Processing

The data were reconstructed similarly as the 3D spiral CSI in [18]. A separate reconstruction

was performed for each of the two frequency bands. Metabolic maps were calculated by

integrating the signal for each peak in absorption mode using integration widths of ±30 Hz

for [2-13C]pyruvate and [2-13C]lactate (as well as [1-13C]lactate in phantom experiments),

±24 Hz for acetylcarnitine, and ±20 Hz for glutamate, acetoacetate and the 13C1-pyruvate

doublet. The metabolic images from different injections were corrected for differences in the

solid-state polarization level of each sample. Metabolite time-courses were calculated from

an ROI encompassing the whole syringe in hyperpolarized phantom experiments and an

ROI in the heart for in vivo experiments. For the spectra displayed below, a zero-order and

first-order phase correction was performed and the baseline was subtracted by fitting a

spline to the signal-free regions of the spectrum. The in vivo data shown below were

acquired after an infusion of dichloroacetate (DCA) solution (dose of 150 mg/kg dissolved

in saline at 30 mg/kg) was administered intravenously over 15 min. DCA was used to

stimulate PDH activity [28] and allow acetoacetate detection as little or no acetoacetate

signal was detected at baseline in other studies [22,24].

Results

Figure 2a shows the maps of [2-13C]pyruvate and [1-13C]lactate overlaid onto 1H MRI

images of the syringe containing the co-polarized solution. A coronal slice reformatted from

the 3D axial acquisition is presented. Figure 2b compares the T1 measurements performed

with the proposed 3D CSI sequence. The plot shows the magnitude (in logarithmic scale) of

the measured [2-13C]pyruvate and [1-13C]lactate signals, corrected for the effective flip

angle, and the linear fits to the data. The data from the individual lactate and pyruvate

measurements were normalized to the same signal level as the first CSI measurement

acquiring both frequency bands. The T1 values were 37.8 s for lactate and 38.6 s for

pyruvate when both resonances were excited alternately. In comparison, the T1 values were

38.4 s for lactate (second sample) and 39.3 s for pyruvate (third sample) when only the
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individual resonances were excited. The small difference between the measurements is

attributed to normal variation between samples and was also seen in the FID measurements

below. The similar T1 values obtained when exciting both frequency bands as compared to a

single band demonstrate that the signal behavior of the resonances is not affected by the

alternate band excitations.

As a reference, the T1 values obtained from the FID pulse-and-acquire for (lactate, pyruvate)

were (32.5 s, 35.9 s) for the first sample, (33.4 s, 36.7 s) for the second sample, and (32.7 s,

36.2 s) for the third sample. The somewhat higher T1 values obtained by the CSI compared

to the FID could be due to errors in B1 and calibration of transmit gain (TG) values. Any

variation/error in B1 would have a greater effect on the CSI due to the higher effective flip

angle for the volume acquisition than the FID pulse-and-acquire sequence. For example, a

10% lower flip angle would change the effective flip angle for the CSI from 19.4° to 17.5°

and decrease the T1 by about 3 s, while the corresponding change in FID acquisition would

be about 0.3 – 0.4 s in T1 values.

The in vivo time-averaged spectra for the glutamate and lactate frequency bands from a

heart ROI are shown in Fig. 3. The spectrum for the glutamate band shows the 13C

metabolic products of glutamate, acetylcarnitine and acetoacetate from the [2-13C]pyruvate

bolus injection. The 1% natural abundance [1,2-13C]pyruvate doublet (13C1Pyr) in the

injected solution was also observed. The dashed line near 170 ppm indicates

[2-13C]pyruvate signal excited by RF stopband ripples and aliased into the glutamate band.

Citrate at 181 ppm was not reliably detected with sufficient SNR and may also overlap with

signal from [1-13C]pyruvate hydrate. The spectrum for the lactate band shows the

[2-13C]lactate doublet, which was acquired in alternate time-points with the glutamate band.

The RF passband was centered near the down-field peak of the doublet to avoid signal

contamination from [2-13C]alanine resulting in slightly different flip angles, and hence

different signal levels, for the two peaks.

Figure 4 shows representative 13C metabolic maps of pyruvate, lactate, acetylcarnitine,

glutamate and acetoacetate superimposed onto the corresponding 1H image. The central

slice of the acquired 3D volume centered on the heart from one rat is shown here. As

expected from the high cardiac metabolic activity, the majority of the signal is present at the

heart, though it was not possible to differentiate between signal from the ventricular walls

and from blood with the resolution used here. A similar spatial distribution was seen in all

the rats imaged. The 13C images were averaged over all of the 12 time-points acquired for

each frequency band to increase the SNR. They were all acquired 10 min after DCA

infusion, except for lactate, which was acquired after an additional pyruvate injection 2 h

after DCA administration. The [2-13C]lactate image is the sum of both peaks in the doublet.

The application of the sequence to the liver is presented in Fig. 5, which shows the time-

averaged 13C metabolic maps of acetylcarnitine, glutamate and lactate from a slice through

the liver for another rat. In contrast to the heart slice, the liver images show a different

spatial distribution for the metabolites, with the acetylcarnitine signal arising dominantly

from the chest while the glutamate and lactate signals are localized mostly to the liver. The

images were averaged from two pyruvate injections, both acquired after DCA infusion. Only
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the glutamate band and lactate band were imaged and the pyruvate band was not imaged in

this case. The images of acetoacetate are not shown due to insufficient SNR.

The time-courses of the metabolite signals from an ROI in the heart for one animal are

plotted in Fig. 6. The SNR of acetaoacetate was not sufficient to plot time-courses. The two

panels show the metabolite time-courses after two separate bolus injections of

hyperpolarized [2-13C]pyruvate – one with acquisition of the glutamate band and the

[2-13C]pyruvate frequency band (Fig. 6A) and second with acquisition of the glutamate

band and the [2-13C]lactate band (Fig. 6B). There was no noticeable difference between the

time-courses of the metabolic products in the two cases, indicating that removing the

excitation on pyruvate to preserve its magnetization for subsequent conversion offered no

gain in this case. That is likely due to the high pyruvate inflow in the heart, and may be

different for other organs.

Discussion

The peak at 177.3 ppm is tentatively assigned to acetoacetate. While the heart is not

normally a ketogenic organ, McGarry and Foster [29] and Krebs [30] have shown that it can

form ketone bodies under certain conditions. As the pyruvate dose in the injected bolus is

much higher than physiological level, the excess of acetyl-CoA produced from it after DCA

infusion may alter behavior from equilibrium metabolic state leading to production of

acetoacetate [29].

With acquisition of 2 frequency bands, the temporal resolution for each spectral band was

5.6 s (2 frequency bands; 2.8 s acquisition per band). Acquisition of all 3 frequency bands

(of glutamate, [2-13C]lactate and [2-13C]pyruvate) interleaved in one scan would increase

the sampling interval to more than 8 s. The optimum temporal resolution and the trade-off

with number of spectral bands would depend on the specific application.

The signal from the [1,2-13C]pyruvate doublet at 1% natural abundance in the glutamate

band may be sufficient to provide an estimate of the substrate signal, eliminating the need to

image the [2-13C]pyruvate band. With the 607 Hz spectral width used here, the aliased

signal from [2-13C]pyruvate did not overlap with another resonance of interest in the

glutamate band. That permits the possibility to allow a small flip angle excitation on

[2-13C]pyruvate in the RF pulse design and use that signal aliased into the glutamate band to

estimate the substrate signal instead of imaging that frequency band separately.

While the current implementation performed CSI on all frequency bands, future sequence

modifications could allow acquisition of [2-13C]pyruvate, [2-13C]lactate and [2-13C]alanine

using imaging rather than a spectroscopic readout to reduce scan time and allow all

metabolites to be acquired in one scan. Another option would be to use a wider passband RF

pulse and a different spectral width for the lactate band that would allow acquisition of the

alanine doublet in the same band without overlap. However, note that a larger spectral width

would require compromising on spatial resolution or longer acquisition time with more

spiral interleaves.
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With the insert gradients, the spiral CSI sequence achieved 607 Hz spectral width using 2

interleaves and the 3D acquisition took 2.8 s. Using clinical gradients (40 mT/m, 150 mT/m/

ms), 8 interleaves would be necessary to achieve the same spectral width and spatial

resolution increasing the acquisition time to 11.1 s. While that is still useful for single time-

point imaging, the greatly reduced temporal resolution would be unsuitable for tracking

metabolite dynamics. However, depending on the application, it may be feasible to reduce

the resolution or spectral width in order to reduce the acquisition duration.

Given the high inflow in heart and limited excitation profile of the surface coil, a 10° flip

angle with 24 excitations/volume was used for dynamic imaging, though using a different

flip angle may provide higher SNR. The sequence also allows using different flip angles for

the different frequency bands, e.g. a smaller flip angle for pyruvate than for the metabolic

products. As a non-selective RF excitation was employed to avoid chemical shift

displacement artifact, the sensitivity profile of the RF coil determines the field of view

(FOV) and the number of slice-encoding steps required. The minimum number of slice-

encoding steps should be adequate to cover the sensitive region of the receive coil. Instead

of a surface coil excitation, the setup can be improved by using a volume coil for

homogeneous excitation with a surface coil for reception only.

Conclusion

This work presents a sequence for fast 3D spiral CSI of hyperpolarized [2-13C]pyruvate and

its metabolic products using a frequency band-selective excitation and demonstrates results

from an in vivo application to rat heart. The sequence overcomes the challenge of the large

spectral dispersion of the resonances and allows imaging without chemical shift

displacement artifact. Different frequency bands are acquired in an alternating fashion to

obtain dynamic time-course information. This approach enables imaging of the metabolic

products downstream of acetyl-CoA, thus following the 13C label incorporation into

different metabolic pathways after a [2-13C]pyruvate injection.
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Figure 1.
The spectrally selective hamming windowed-sinc RF pulse (Fig. A) and its spectral profile

in log scale with passband placed on the glutamate band (Fig. B) and on the pyruvate band

(Fig. C). The dashed lines marked G indicate the chemical shifts of [5-13C]glutamate and

[1-13C]pyruvate in the passband with the resonances of acetylcarnitine, acetoacetate and

citrate located between them. With the passband placed on the glutamate band, signal from

[2-13C]pyruvate (line P) is suppressed. Lines L and A mark the locations of [2-13C]lactate

and [2-13C]alanine, respectively. To image [2-13C]pyruvate or [2-13C]lactate, the passband

is shifted to the corresponding frequency.
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Figure 2.
(A) 1H SPGR MRI and overlaid 13C metabolic images of a coronal slice (reformatted from

3D axial acquisition) through the syringe containing co-polarized [2-13C]pyruvate and

[1-13C]lactate solution. (B) Comparison of in vitro T1 measurements for a co-polarized

solution of [2-13C]pyruvate and [1-13C]lactate when both resonances were imaged in an

interleaved manner (solid blue line) with the excitation/acquisition of each band individually

(dashed red line) using 3D CSI with frequency band-selective excitation. The similar T1

values obtained demonstrate that the excitation of one band did not affect the signal

behavior of resonances in the other band.
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Figure 3.
(left) Spectrum of the glutamate frequency band averaged over all time-points acquired from

rat heart in vivo showing the 13C resonances of glutamate (Glu), acetoacetate (Aca),

acetylcarnitine (Alcar) as well as natural abundance [1,2-13C]pyruvate doublet (13C1Pyr) in

the injected solution. The dashed line near 170 ppm indicates [2-13C]pyruvate signal excited

by RF stopband ripples and aliased into the glutamate band. Citrate at 181 ppm was not

reliably detected with sufficient SNR and may overlap with signal from [1-13C]pyruvate

hydrate. (right) Time-averaged spectrum of the lactate band acquisition showing the

[2-13C]lactate doublet acquired from the same rat. The RF passband was centered near the

down-field peak of the doublet to avoid signal contamination from [2-13C]alanine resulting

in slightly different flip angles for the two peaks.
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Figure 4.
Time-averaged 13C metabolite maps from a bolus injection of hyperpolarized

[2-13C]pyruvate superimposed on to 1H MR images for one rat. The central slice of a 3D

acquisition centered on the heart is shown. The images were acquired at 10 min after

dichloroacetate infusion, except for [2-13C]lactate, which was acquired 2 h post-DCA from a

separate [2-13C]pyruvate injection.
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Figure 5.
Time-averaged 13C metabolite maps of a slice through the liver superimposed on to 1H MR

images. A central slice from a 3D acquisition centered on the liver is shown. The images

were averaged from two injections of hyperpolarized [2-13C]pyruvate. Only the glutamate

band and lactate band were imaged and the pyruvate band was not imaged in this case. The

acetylcarnitine resonance lies within the glutamate frequency band.
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Figure 6.
Metabolite signal time-courses from heart ROI after bolus injections of hyperpolarized

[2-13C]pyruvate with alternate acquisition of (A) the glutamate frequency band and the

[2-13C]pyruvate band or (B) the glutamate band and the [2-13C]lactate band. The glutamate,

acetylcarnitine and [1-13C]pyruvate signals are from the glutamate band acquisition. The

SNR of acetoacetate was insufficient to plot time-courses. The 13C1-pyruvate signal is from

the 13C1-13C2 doublet from natural abundance [1,2-13C]pyruvate in the injected

[2-13C]pyruvate solution.
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