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Abstract

Purpose: To generate dynamic, volumetric maps of hyperpolarized [1-13C]pyruvate and its 

metabolic products in vivo.

Methods: Maps of chemical species were generated with iterative least squares (IDEAL) 

reconstruction from multiecho echo-planar imaging (EPI) of phantoms of thermally polarized 13C-

labeled chemicals and mice injected with hyperpolarized [1-13C]pyruvate on a preclinical 3T 

scanner. The quality of the IDEAL decomposition of single-shot and multishot phantom images 

was evaluated using quantitative results from a simple pulse-and-acquire sequence as the gold 

standard. Time course and area-under-the-curve plots were created to analyze the distribution of 

metabolites in vivo.

Results: Improved separation of chemical species by IDEAL, evaluated by the amount of 

residual signal measured for chemicals not present in the phantoms, was observed as the number 

of EPI shots was increased from one to four. Dynamic three-dimensional metabolite maps of 

[1-13C]pyruvate, [1-13C]pyruvatehydrate, [1-13C]lactate, [1-13C]bicarbonate, and [1-13C]alanine 

generated by IDEAL from interleaved multishot multiecho EPI of live mice were used to construct 

time course and area-under-the-curve graphs for the heart, kidneys, and liver, which showed good 

agreement with previously published results.

Conclusions: IDEAL decomposition of multishot multiecho 13C EPI images is a simple, yet 

robust method for generating high-quality dynamic volumetric maps of hyperpolarized 

[1-13C]pyruvate and its products in vivo and has potential applications for the assessment of 

multiorgan metabolic phenomena.
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1 | INTRODUCTION

Dynamic nuclear polarization (DNP) provides an increase of up to four orders of magnitude 

in signal-to-noise ratio for hyperpolarized (HP) MRI studies, giving an unprecedented 

opportunity for studying metabolism at high spatial and temporal resolution in vivo.1 This 

technique has been especially useful for studying [1-13C]pyruvate, a key intermediate in 

several metabolic pathways, which is converted in the cell to [1-13C]lactate by lactate 

dehydrogenase, to [1-13C]alanine by alanine aminotransferase, and to [1-13C]bicarbonate 

upon entry into the tricarboxylic cycle.2 Given the success of HP pyruvate imaging, multiple 

groups have pursued clinical translation with the hope of leveraging metabolic imaging to 

aid in disease characterization.3–8 Preclinically, HP MRI has been applied mostly to study 

the conversion of [1-13C] pyruvate to [1-13C]lactate in tumor xenograft models for both 

diagnosis and assessing treatment response,9–13 but also to the study of cardiac,14 kidney,9,15 

and liver16,17 metabolism. Most of these studies typically required imaging a limited part of 

the anatomy, such as the tumor region or a single organ. However, for applications such as 

the study of cancer metastasis, drug delivery, and clearance, treatment bystander effects, and 

kinetic modeling, there is a need to develop imaging approaches to robustly cover multiple 

organs.

HP 13C metabolic imaging has constraints that make it challenging to acquire dynamic maps 

covering an extended field of view (FOV). The most generally used image acquisition 

approach, spectroscopic imaging, acquires data that can be categorized as spatially localized 

spectra (high spectral resolution, low spatial resolution) or images corresponding to a single 

metabolite (low spectral resolution, high spatial resolution). In chemical-shift imaging (CSI), 

spatial localization of spectra is achieved using phase-encoding for both in-plane dimensions 

and phase-encoding or slice selection to acquire slices. It is robust to motion artifacts and 

gradient errors because of the lack of a readout gradient and to off-resonance errors because 

of the acquisition of an entire spectrum.18 However, CSI requires radiofrequency (RF) 

excitations equal to the number of image voxels, making it an inefficient use of HP 

magnetization. To more efficiently use the available magnetization, sequences such as echo-

planar spectroscopic imaging or spiral CSI sequence19,20 use readout gradients to encode k-

space with fewer excitations. Although this results in a more efficient use of the available 

magnetization, these spectroscopic imaging sequences must make a compromise between 

spectral and spatial resolution.

Alternatively, imaging sequences can be used to acquire higher spatial resolution at a limited 

number of chemical shifts, corresponding to the metabolites of interest. An echo-planar 

imaging (EPI) readout gradient can be used to acquire the entirety of k-space in a single shot 

using a broadband or spectral-spatial (SPSP) RF excitation.14,21 When broadband excitation 

is used, data acquired at different echo times can be decomposed into metabolite maps using 

a model of the chemical spectra similar to the IDEAL formalism originally described for 

water–fat separation.22,23 SPSP excitation can be used to achieve even more efficient use of 

HP magnetization by exciting different metabolites with different flip angles (FAs). The 

injected substrate, which is available in a higher concentration, can be detected with a lower 

FA, preserving magnetization for acquisition of more dynamic time points. Despite its 

efficiency, there are a few disadvantages to this approach. Single-shot EPI may suffer from 
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severe distortion and chemical-shift artifacts that require the acquisition of reference data, 

such as a field inhomogeneity map, for correction.24 The long duration of SPSP pulses 

results in signal loss from transverse relaxation, and their frequency selectivity requires 

accurate frequency calibration and may place limitations on slice thickness.

To efficiently use the HP magnetization, we propose acquiring images at multiple echo times 

following a broadband RF excitation, as in a fast-gradient-echo imaging sequence,25 using 

an interleaved multishot multiecho EPI sequence. This method has the advantage of enabling 

the use of higher FAs and/or the acquisition of more time points than is feasible with 

conventional spectroscopic imaging method, whereas compared with single-shot EPI, the 

shorter duration of each interleave of multishot EPI provides a shorter minimum ΔTE, which 

potentially improves the robustness of decomposition of the multiecho EPI images into 

metabolite maps by enabling a more optimal sampling rate. Additionally, the overall scan 

time may be shorter because the multishot EPI acquisition does not require additional 

reference scans for artifact correction.24 This robustness and efficiency makes interleaved 

multishot, multiecho EPI ideal for acquiring multiple slices over an extended FOV, to be 

reformatted into a time-resolved volumetric image of HP metabolites, which can facilitate 

the study of diseases such as cancer metastases or the measurement of an arterial input 

function from a blood vessel for the calculation of kinetic parameters in a distant organ.

2 | METHODS

2.1 | Data model

In a dynamic MRI experiment, the signal, S(t), in a voxel at time t caused by N chemical 

species each with relative intensity, ρn, and chemical shift frequency, Δfn, can be modeled by

S(t) = ∑
n = 1

N
ρne−i2πΔfnte−R2*te−φt, (1)

where R2* is the effective transverse relaxivity constant and φ is a phase shift caused by static 

field inhomogeneity.26 The pervoxel R2* and φ maps can be estimated using a method such 

as direct phase estimation,27,28 and after applying these maps as corrections to the acquired 

images, Equation (1) can be written in the matrix form as

Ax = b, (2)

where x is the unknown vector of the intensities of the species (ρn), b is a vector of field-

map demodulated, R2*-corrected MR images (Sj) at echo time tj, A is a matrix with the 

accrued phase for each species Aj, n = ei2πΔfntj , and Δfn is the chemical-shift offset 

frequency.22,23 The least squares solution to this system is

x0 = A†b, (3)

where A† is the Moore-Penrose pseudo-inverse. Several approaches have been developed for 

obtaining this solution.29 For this study, we use the hierarchical IDEAL multiresolution 
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framework,28 in which Equation (2) is solved for overlapping subdivisions of the initial 

image. The solutions for the subdivisions are interpolated and used to generate the final 

spatial map.

2.2 | Optimal image acquisition parameters

The number and spacing (ΔTE) of gradient echoes used for image acquisition can affect the 

separation of chemical species. These variables determine the condition number of the 

matrix A in Equation 2, which quantifies the stability of its inversion in Equation (3).23 The 

condition number can be shown to decrease with an increasing number of echoes and 

decreasing ΔTE (assuming sufficient phase evolution).30 The optimal ΔTE for resolving two 

chemical species is the inverse of twice the chemical-shift frequency difference, that is, 

when their spins are in opposed phase.26 Therefore, a relatively long ΔTE will suffice for 

resolving two species that are close in chemical shift (for example, ΔTE = 5.2 ms is optimal 

for separating vitamin C (177 ppm) from its oxidized form dehydroascorbate (174 ppm) at 

3T), whereas a shorter ΔTE is desired for spins separated by a larger chemical-shift 

difference (ΔTE = 1.3 ms is optimal for separating lactate [183 ppm] and pyruvate [171 

ppm]).2 The ΔTE for the former case may be realized for the spatial resolutions typically 

used in HP imaging with a single-shot gradient-echo EPI sequence, but the latter will likely 

require the use of a multishot sequence on most scanners. Other factors to consider when 

selecting optimum imaging parameters are the T2* of the chemical species, the desired image 

quality, and the required number of time points. As an example, our initial condition number 

simulation for five chemical species, pyruvate, acetate, pyruvate-hydrate, alanine, and urea 

in matrix A in Equation 2, showed insignificant improvement in the condition number 

beyond 10 echoes (Figure 1C). After initial experiments on our scanner showed it was 

possible to acquire multiecho EPI images of enriched carbon phantoms with signal in 10 

echo images, a number of signal averages simulation using 10 echoes determined ΔTEs of 

1.34, 2.49, and 3.46 ms for optimal performance of IDEAL (Figure 1D). These ΔTEs could 

be realized on our scanner using four-, two- and one-shot EPI protocols, respectively. 

Because our application required high-quality images, but few time points, we chose to use 

four-shot EPI, which has the benefit of reducing ghosting, chemical shift, and distortion 

artifacts by virtue of having a larger phase-encoding bandwidth, although this comes at the 

potential cost of increased sensitivity to motion artifacts31–34 and less efficient use of HP 

magnetization compared to two- or one-shot EPI.

2.3 | Thermal phantom experiments

All experiments were performed on a preclinical Bruker BioSpec 3T scanner (Bruker, 

Kontich, Belgium; maximum gradient strength = 959 mT/m, maximum slew rate = 6393 

T/m/s), using a dual-tuned transmit/receive 1H/13C 42-mm-diameter birdcage coil and a 

gradient-echo EPI sequence (Figure 1A). Thermal phantom experiments were performed to 

compare the performance of four-, two-, and one-shot multiecho EPI. The phantoms were 

two plastic syringes, filled with approximately 1 mL of 4 M [1-13C1]acetate and 0.8 mL of 4 

M [1-13C1]urea, respectively (Figure 2A), selected to mimic [1-13C1]lactate and 

[1-13C1]bicarbonate in in vivo experiments because of their greater stability. Both syringes 

were doped with 1 mM gadolinium chloride to shorten T1 and eliminate saturation effects. 
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The common acquisition parameters for the three EPI scans were pulse repetition time = 1 

second, matrix size = 20 × 20, FOV = 60 × 60 × 50 mm, excitation = 90°, receiver 

bandwidth = 150 kHz, echo spacing = 0.132 ms, one slice, and 30 averages. The ΔTE values 

were determined from an number of signal averages simulation to be 1.34, 2.49, and 3.46 ms 

for four-, two-, and one-shot EPI, respectively (Figure 1C).

2.4 | Hyperpolarized imaging experiments

DNP was performed using a 5T SPINlab Hyperpolarizer (GE Healthcare) to generate HP 

pyruvate for infusion into nude mice (n = 3). All murine studies were conducted under an 

MSK Institutional Animal Care and Use Committee-approved protocol. Thirty-five μL of a 

mixture of 14.2 M [1-13C]pyruvic acid and 15 mM trityl radical (GE Healthcare) was 

polarized for 2 hours (5 T, 0.8 K, 139.960 GHz) to achieve spin polarization of 

approximately 30%. The mixture was dissolved with 10 mL of buffer (10 mM 

tris(hydroxymethyl)aminomethane in D2O at pH 7.4, 1 mM ethylenediamine tetraacetic 

acid) into a flask containing a stoichiometric amount of NaOH. Two-hundred μL of HP 

[1-13C]pyruvate was injected into the mouse tail vein via a catheter over a duration of 10 

seconds starting approximately 20 seconds after dissolution. After field-map–based 

shimming of the FOV using the Bruker MAPSHIM protocol, EPI was initiated 

approximately 15 seconds before dissolution to capture the full dynamics of perfusion, 

metabolism, and washout. Acquisition parameters were TE1 = 3.98 ms, ΔTE = 1.5 ms, pulse 

repetition time = 3 seconds, matrix size = 20 × 20, FOV = 60 × 60 × 50 mm, excitation = 

20°, receiver bandwidth = 150 kHz, one average, and 10 slices. The effective FA for a four-

shot EPI with a nominal FA of 20° is 38.8°; that is, four 20° excitations consume the same 

amount of longitudinal magnetization as one 38.8° excitation. The optimal ΔTE for the in 

vivo experiment was determined from a number of signal averages simulation using the 

chemical shifts for pyruvate, lactate, pyruvate-hydrate, alanine, and bicarbonate. Anatomical 

images of the mouse were acquired with the same FOV and a matrix size of 96 × 96.

2.5 | Data processing and analysis

Complex 13C Digital Imaging and Communications in Medicine (DICOM) EPI images were 

exported from the MRI scanner, and linearized by applying R2* and B0 inhomogeneity 

maps estimated by direct phase-fitting of all echoes,28 and processed into metabolite maps in 

MATLAB (R2017a; MathWorks, Natick, MA) using the IDEAL implementation described 

in the 2. Methods section using relative chemical shift values of 0, 6, 8, 12, and −10 ppm for 

[1-13C]pyruvate, [1-13C]alanine, [1-13C]pyruvatehydrate, [1-13C]lactate, and 

[13C]bicarbonate. The metabolite maps were interpolated fourfold and then overlaid on 

anatomical images using ITK-SNAP (http://itksnap.org) 35 for display. Regions-of-interest 

(ROIs) were prescribed on the liver, heart, and kidneys on the anatomical images (Figure 3), 

and then, copied to the interpolated metabolite maps to quantify the area-under-the-curve 

(AUC) metric, which is defined for the ith metabolite as

AUC(i) = ∑
t

∑j = 1
n δ(i − j)M(j)

∑jMj
, (4)
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where M(j) is the mean value in the ROI for the jth metabolite at each time point, and δ(i − 

j) is 1 if i = j and 0 otherwise.

3 | RESULTS

Figure 1A shows the pulse sequence for a four-shot interleaved EPI acquisition, which 

acquires all of k-space in four alternate lines. Because only a quarter of k-space is acquired 

per shot, this sequence has a higher effective bandwidth compared with a single-shot 

sequence, resulting in improved image quality. A comparison of the effect of using a 

different number of EPI shots is shown in Figure 2. This figure shows the maps’ IDEAL 

reconstructs from complex 13C-EPI DICOM images of [1-13C]urea and [1-13C]acetate 

phantom for chemical-shift inputs of 171 ppm([1-13C]pyruvate), 179 ppm 

([1-13C]pyruvatehydrate), 177 ppm ([1-13C]alanine), 163 ppm ([1-13C]urea), and 182 ppm 

([1-13C]acetate). The quality of separation of the chemical species by IDEAL for a different 

number of EPI shots can be assessed by the number of artifacts in the pyruvate, pyruvate-

hydrate, and alanine maps, which decreases in the maps from one- to four-shot EPI (Figure 

2B). The ROI-based quantification of the ratio of urea to acetate intensity shows an 

underestimation of the ratio by the one- and two-shot methods compared with the ratio 

calculated from the nonlocalized spectrum (Figure 2C).

Considering the results of the phantom study, the four-shot acquisition method was used in 

in vivo experiments to acquire HP data for generating metabolite maps of [1-13C] pyruvate, 

[1-13C]pyruvatehydrate, [1-13C]lactate, [1-13C] bicarbonate, and [1-13C]alanine with 

IDEAL. Time course and AUC metrics were determined for all metabolite maps. Figure 3B 

depicts a plot of the mean absolute value of the intensity of each metabolite map over the 

entire FOV shown in Figure 3A. The plot for each metabolite is baseline-corrected by 

subtracting the maximum value for the first time point from all other time points. The time-

to-peak values for the entire FOV displayed were 12.4 ± 0.4 seconds, 12.4 ± 0.4 seconds, 

14.4 ± 0.2 seconds, 12.8 ± 1.1 seconds, and 12.9 ± 1.04 seconds for [1-13C]pyruvate, 

[1-13C]pyruvatehydrate, [1-13C]lactate, [1-13C]bicarbonate, and [1-13C]alanine, respectively. 

Using these time courses, we defined two summations of the metabolite maps’ time series 

for qualitative assessment, which include early time points that summarize the pyruvate 

bolus (9 to 15 seconds), and late time points that are weighted to the metabolic products (18 

to 27 seconds). In Figure 3C, the axial slice highlights the region of the heart, with 

accompanying coronal slice showing the liver in the same FOV, with window levels set 

separately for each metabolite to best demonstrate their spatial distribution. [1-13C]pyruvate 

has a high intensity in the heart and abdominal aorta at the early time points and is reduced 

and localized in the liver in the late time points. All the products of metabolism, 

[1-13C]lactate, [1-13C]bicarbonate, and [1-13C]alanine show increased intensity in the late 

time points than in the early time points.

The average values of metabolite time courses for all mice within ROIs prescribed in heart, 

liver, and kidneys (Figure 4A) are given in Table 1. Representative dynamics for each ROI 

reveal slight differences in organ time-to-peak as well as organ-dependent metabolic fluxes 

(Figure 4B). The ratio of the amount of each metabolite product to the total amount of 

metabolites is shown in Figure 4C. The ratios for [1-13C]lactate, [1-13C]bicarbonate, and 
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[1-13C]alanine were 0.23 ± 0.15, 0.08 ± 0.05, 0.02 ± 0.02 in the kidneys, 0.18 ± 0.04, 0.13 ± 

0.008, 0.02 ± 0.02 in the liver, and 0.06 ± 0.08, 0.5 ± 0.4, 0.02 ± 0.02 in the heart.

4 | DISCUSSION

Our goal in this study was to describe a simple robust technique for the accurate 

quantification of HP metabolite spatiotemporal biodistribution to enable the study of 

metabolic processes that involve multiple organs. In phantom experiments with tubes of 13C-

enriched chemicals, we showed that using IDEAL to reconstruct data acquired with a four-

shot multiecho EPI scan is an effective way to accomplish this goal. We acquired multislice 

imaging data of a mouse over a FOV covering the major organs in the mouse body and 

calculated maps of the spatial distribution of [1-13C]pyruvate, [1-13C]pyruvatehydrate, 

[1-13C]lactate, [1-13C]bicarbonate, and [1-13C]alanine from the complex EPI DICOM 

images. From these maps, we calculated metabolite time courses for ROIs prescribed over 

the entire imaging FOV, kidneys, liver, and heart. The metabolite time courses showed 

similar dynamics in response to a bolus delivery for all ROIs, but with variations for each 

organ that correspond well to previously published animal data acquired using other 

approaches in the heart,14,36 liver,16,37 and kidneys,15 providing further confidence in the 

accuracy of the results.

Various methods have been described for HP 13C imaging, ranging from robust but 

inefficient spectroscopy-based techniques such as CSI to imaging methods such as SPSP 

EPI that are extremely efficient, but may require specialized RF pulses and a separate proton 

scan to correct geometric distortion and chemical-shift artifacts. Multishot multiecho EPI 

provides a method that is more suitable than the former for multislice dynamic imaging, 

without the requirement of specialized pulses or hardware that may be necessary for SPSP 

EPI. The number of shots used can be chosen as a trade-off between the required image 

quality and efficiency in the use of HP magnetization.

The spatial distribution of [1-13C]pyruvate and its metabolites in mice using multiecho EPI 

agree with maps generated using CSI38 and SPSP EPI.39 In addition, the ratios of the 

amount of each metabolite product to the total amount of carbon were comparable to 

previously published values.16 The AUC ratio in the each organ represents the enzyme 

catalyzed flux of the metabolite from [1-13C]pyruvate in the organ. For example, 

[1-13C]bicarbonate has a high AUC ratio in the heart, which is well-documented in the 

literature,14,40 primarily as the result of its flux from [1-13C]pyruvate through PDH.36 Its 

AUC ratios were much lower in the liver and kidneys, where [1-13C]bicarbonate may have 

been transported from the heart or created by additional mechanisms,37 including 

decarboxylation of [4-13C]oxaloacetate by phosphoenolpyruvatecarboxykinase (PEPCK).

The results obtained in this study suggest that the use of multishot, multiecho EPI may have 

a beneficial role in human studies through its improved image quality and HP metabolite 

quantification compared with single-shot EPI. The use of a broadband RF excitation also 

compensates for local B0 inhomogeneity, making it possible to obtain high-resolution, time-

resolved, multislice imaging over a large region of interest that can be reformatted into 

volumetric images to facilitate the study diseases such as cancer metastasis using HP probes. 
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In future studies, we aim to bring this approach into the clinic to better visualize in vivo 

metabolic dynamics.
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FIGURE 1. 
A, Pulse sequence and (B) k-space diagram for a four-shot interleaved 13C-EPI gradient-

echo sequence. A slightly different phase-encoding is used for each interleave so that all 

lines in k-space are ultimately acquired. This interleaved acquisition of k-space shortens the 

time needed to reach the center of k-space, resulting in shorter echo times and better image 

quality. C, Plot of condition number against number of echoes for a simulation of the phase 

coefficient matrix for pyruvate, pyruvate hydrate, acetate, urea, and alanine. The 

improvement in the condition number is negligible after about 10 echoes (red arrow). D, 

Result of a number of signal averages (NSA) and condition number simulation for pyruvate, 

pyruvate hydrate, acetate, urea, and alanine to determine the optimal ΔTEs to be used for a 

phantom experiment. The black arrows identify three optimal ΔTEs (3.46 ms, 2.49 ms, and 

1.34 ms), for acquisition high signal and low condition numbers for the coefficient matrix
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FIGURE 2. 
A, 1H T1-weighted images showing two Eppendorf tubes containing approximately 1 mL of 

4 M [1-13C]acetate and 0.8 mL of 4 M [1-13C]urea. The spectrum from a nonlocalized 

spectroscopic scan is shown confirming the chemical shifts and relative quantity of the two 

chemicals. B, IDEAL was used to generate maps of acetate, pyruvate, pyruvate-hydrate, 

alanine, and urea from one-shot (ΔTE=3.46 ms), two-shot (ΔTE=2.49 ms), and four-shot 

(ΔTE=1.34 ms) 13C multiecho echo-planar (EPI) complex Digital Imaging and 

Communications in Medicine (DICOM) images. Images were resized twofold for display. 

The improvement in image quality from one- to two-shot EPI can be appreciated by 

decreasing width of the chemical-shift artifact. The chemical shift of urea and acetate 

images on the one-, two- and four-shot EPI images in the phase-encoding direction 

measured relative to the T1-weighted image were 2.5, 1, and 0.5 voxels. The chemical shift 

in the frequency-encoding was 0.5 voxels for all shots. White arrows placed on the maps for 

pyruvate, pyruvate-hydrate and alanine generated from one- and two-shot EPI highlight 

residual signal artifacts from incomplete separation of the chemical species by IDEAL. The 

fraction of total residual signal (pyruvate, pyruvate-hydrate, and alanine) on the one-, two- 

and four-shot images was 16%, 9%, and 6% for the urea ROI; and 11%, 7%, and 5% for the 

acetate region of interest (ROI), respectively. C, An estimate of the urea/acetate ratio 
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obtained by measuring the mean voxel intensity within ROIs drawn on the urea and acetate 

maps. The urea/acetate ratio from the integration of the peaks in the spectrum shown in (B) 

is also plotted in the bar graph for comparison. The urea/acetate ratios obtained for one-shot, 

two-shot, four-shot EPI, and from spectroscopy were 0.74, 0.66, 0.81, and 0.8, respectively. 

The error bars are the propagated standard deviation of the ratio of voxel intensities within 

each ROI
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FIGURE 3. 
A, The time courses for all metabolites summed over the entire field of view (FOV). B, The 

plot for each metabolite is baseline-corrected by subtracting the maximum value of the noise 

(time points before the injection). The red and blue rectangles mark the durations defined as 

early (9 to 15 seconds) and late (18 to 27 seconds) time points. C, Representative sum of 

metabolite maps reconstructed from 13C echo-planar imaging (EPI) acquired 9 to 15 seconds 

(early time points) and 18 to 27 seconds (late time points) after injection. Axial and coronal 
1H T2-weighted images are shown for reference. The axial slice displays the heart, and the 

coronal slice displays slices for the abdominal aorta and liver. White lines show the plane of 

coronal slice on the axial image and the plane of the axial slice on the coronal image. The 

intensity of [1-13C]pyruvate in the heart is high at the early time points and sharply reduced 

at the late time points, but still maintained in the liver. The metabolic products are localized 

in the heart in early time points and are visible in other organs in the late time points. AUC, 

area under the curve
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FIGURE 4. 
4Average region-of-interest (ROI) measurements for metabolic biodistribution in selected 

organs. A, ROIs are prescribed on anatomical 1H T2-weighted images of slices containing 

the kidneys, liver, and heart and copied to metabolite maps for quantifying the average 

metabolite image intensity. B, The average for three mice of the mean organ intensity for 

each metabolite is shown plotted over time. C, The area-under-the-curve (AUC) ratio in each 

organ is shown for each metabolite
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TABLE 1

TTP measurements for [1-13C]lactate, [1-13C] bicarbonate, and [1-13C]alanine relative to the [1-13C]pyruvate 

peak within regions of interest prescribed in the heart, liver, and kidneys

Metabolite
[1-13C]
lactate

[1-13C]
bicarbonate

[1-13C]
alanine

TTP in heart (s) 2 ± 1 5 ± 1 1 ± 1

TTP in liver (s) 4 ± 1.7 6 ± 5.2 3 ± 0.5

TTP in kidneys (s) 3 ± 2.5 3 ± 2.5 2 ± 1.4

Note: The data shown are the average and standard deviation for three mice and reported in seconds.

Abbreviation: TTP, Time-to-peak.
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