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Abstract

Real-time imaging of 13C metabolism in-vivo has been enabled by recent advances in
hyperpolarization. Due to the inherently low natural abundance of endogenous 13C nuclei,
hyperpolarized 13C images lack structural information that could be used to aid in motion
detection and anatomic registration. Motion before or during the 13C acquisition can therefore
result in artifacts and misregistration that may obscure measures of metabolism. In this work, we
demonstrate a method to simultaneously image both *H and 13C nuclei using a dual-nucleus
spectral-spatial RF excitation and a fully coincident readout for rapid multinuclear spectroscopic
imaging. With the appropriate multinuclear hardware, and the means to simultaneously excite and
receive on both channels, this technique is straightforward to implement and requires little-to-no
increase in scan time. Phantom and in-vivo experiments were performed with both Cartesian and
spiral trajectories to validate and illustrate the utility of simultaneous acquisitions. Motion
compensation of dynamic metabolic measurements acquired during free breathing is demonstrated
using motion tracking derived from 1H data. Simultaneous multinuclear imaging provides
structural 1H and metabolic 13C images that are correlated both spatially and temporally, and are
therefore amenable to joint 1H and 13C analysis and correction of structure-function images.

Graphical Abstract

Simultaneous excitation of 1H and hyperpolarized 13C spins with spectral-spatial RF pulses
enables near real-time multinuclear spectroscopic imaging. By virtue of the simultaneous
excitation, structural 1H and functional 13C metabolite maps are both spatially and temporally
correlated, thus mitigating artifacts and misregistration between the two datasets. With the
appropriate multinuclear hardware this technique is easily implemented, compatible with any k-
space trajectory, and results in little-to-no increase in scan time.

Corresponding Author: Sean B. Fain PhD, Department of Medical Physics, 1111 Highland Ave., 1133 Wisconsin Institutes for
Medical Research, University of Wisconsin — Madison, Madison W1 53705.
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Introduction

Recent advances in hyperpolarized (HP) MRI techniques (1) have kindled renewed interest
in direct imaging of non-proton nuclei with magnetic resonance. Near real-time imaging

of 13C nuclei is enabled by hyperpolarization, yielding a >10,000 increase in spin
polarization compared to Boltzmann equilibrium. HP carbon agents have rapidly expanded
from inert vascular agents (2, 3) to metabolic studies which primarily use [1-13C]pyruvate
(4-9). The [1-13C]pyruvate metabolite is the major input to the citric acid cycle and sits at
the nexus of metabolism. The rapid conversion of [1-13C]pyruvate into [1-13C]lactate has
most commonly been used as a noninvasive biomarker of cancer (6, 10) but conversion into
[1-13C]alanine (11) or 13C bicarbonate (12) is also readily observable in the timeframe of a
hyperpolarized experiment. In addition, other 13C labeled, metabolically active molecules
(13-15) and other nuclei (16-19) have been successfully polarized and studied for
measurement of pH and necrosis.

Unlike conventional H MRI, hyperpolarized 13C imaging studies have excellent contrast
due to the lack of background signal from endogenous metabolites. Yet, structural
information from 1H anatomic images must be acquired to properly localize the metabolic
data. Typically, the H anatomic images are acquired before or after the 13C acquisition,
adding several seconds or minutes to the total scan time. As a result, motion before or during
the 13C acquisition can result in artifacts and misregistration relative to 1H anatomic images
that may obfuscate measures of metabolism. To reduce scan times and the potential for
motion blurring and misregistration between thermally polarized 1H and non-1H datasets,
several groups have reported simultaneous (20) and interleaved (21) spectroscopy, as well as
simultaneous (22-24) and interleaved (25, 26) imaging of multiple nuclei.

However, imaging of HP 13C nuclei places unique demands on the MR acquisition for both
interleaved and simultaneous methods due to the need for rapid and RF efficient
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spectroscopic imaging techniques (27, 28), with different spectral resolution and flip angle
requirements for both nuclei. Interleaved and sequential methods are feasible for single time
point studies that emphasize spatial correlation between structure and function but will result
in an approximate doubling of the scan time for the same scan parameters when compared to
a simultaneous approach. Although several truly simultaneous imaging approaches that
remove this scan time increase have been proposed (20, 22-24), these techniques are not
well suited for HP imaging studies due to the strict temporal (29) and spectral (30) imaging
requirements required to capture the uptake and dynamics of metabolically active substrates
in-vivo.

The present work introduces a method to acquire structural *H and functional 13C
spectroscopic MR data simultaneously for improved acquisition efficiency and correlation
between datasets. To demonstrate the feasibility and flexibility of simultaneous multinuclear
spectroscopic imaging of 1H and HP 13C, Cartesian and spiral pulse sequences were used
with a spectral-spatial (SPSP) excitation. Single-band SPSP pulses allowed independent flip-
angles for each chemical species, thus exciting only a single resonance at each TR and
removing the need for spectral encoding regardless of the spectral complexity for each
respective imaging channel (31). Simultaneously acquired 1H and HP 13C images are
demonstrated to provide complementary information to better localize and visualize 13C
metabolic function in the context of 1H anatomic structure.

Simultaneous Acquisition and Reconstruction

In our approach, we aim to excite and encode spins of differing nuclear gyromagnetic ratios
() with a single-band, spectral-spatial radio-frequency (RF) pulse followed by standard
imaging gradients. As such, simultaneous techniques can be applied to any two or more
nuclei assuming negligible spin-spin interaction between said nuclei. This work will
specifically focus on the combination of 1H and 13C nuclei; in this case, the large y
difference results in J-coupling as the only prominent potential direct interaction (32). This
J-coupling effect is mitigated by commonly used 13C labels which aim to isolate
hyperpolarized nuclei. For example, in the case of [1-13C]pyruvate the enriched carbon is
quaternary and isolated from IH nuclei, resulting in minimal Jcy coupling.

The remaining consequences of differing vy relate to spatial encoding, namely slice selection
and k-space coverage. Unlike conventional slice-selective approaches, spectral-spatial
pulses enable excitation that is both spatially and spectrally selective (33). Similar to a
conventional broadband excitation, the spatial response (i.e. slice thickness) is determined
by the bandwidth of the individual subpulses and is a function of both the oscillating slice
selection gradient played during the RF pulse and the nuclear gyromagnetic ratio (34).
Given equivalent slice-selection parameters, the carbon slice will therefore have four times
the thickness (y13C ~ % yH) of the proton slice. Since excitation can be performed
independently on both channels, different RF pulses of the same duration could be used to
mitigate this difference, potentially with tailored subpulses and flip angle for each nucleus of
interest. For demonstrating feasibility in this work, the RF pulse was identical on both
channels, resulting in a slice thickness for 13C that was four times that of 1H in order to
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increase SNR. Unlike the spatial response, the spectral response is dependent only on the
envelope and duration of the SPSP pulse and is the same spectral width for all nuclei being
imaged.

The in-plane resolution and field-of-view (FOV) are also influenced by vy, which directly
affects the spatial frequency. This dependence on the gyromagnetic ratio modulates the k-
space trajectory (Fig. 1), resulting in a sampling pattern for 13C that extends to only
YI3CIVIH ~ ¥4 of kyax Of the TH nucleus. Because the same gradient and sampling
bandwidth is necessarily used for spatial encoding (Fig. 1A), the carbon nucleus spatial
frequency sampling is four times more dense, leading to a four times larger FOV with four
times lower resolution relative to H sampling (Fig. 1B,C). A similar difference in sample
interval and FOV is observed for the spiral trajectories implemented (not shown).
Fortuitously, this fourfold reduction in resolution is advantageous in practice as HP
metabolic imaging of 13C-labelled metabolites can only support relatively large voxels due
to the low concentration of the HP 13C label in-vivo. This difference in FOV and resolution
is easily accounted for during image reconstruction by scaling the k-space trajectory or
during post-processing by interpolation in image-space.

MR Hardware Adaptations and Polarization

All experiments were performed on a horizontal bore 4.7T small animal scanner (Agilent,
Palo Alto, CA) equipped with high performance gradients (400mT/m gradient strength,
2580T/m/s slew-rate). A commercial dual-tuned H/23C volume coil (Doty Scientific,
Columbia, SC) was used for all experiments.

Simultaneous acquisition was enabled by performing a dual-channel gradient-spoiled GRE
acquisition, with the transmission and demodulation frequencies independently set for 1H
and 13C. Due to the scanner configuration, this was performed by adapting the decoupling
functionality of the low-band amplifier to perform the 13C excitation while simultaneously
exciting H nuclei with the high-band amplifier (Fig. 2). Because signal reception was
performed with two separate amplifier channels, each nucleus was demodulated by the
appropriate local oscillator frequency in hardware. Specifically, in the VNMRJ software, the
RF pulse is set up to transmit on both frequencies simultaneously, similar to a decoupling
pulse in NMR. Multiple receive coils are configured - in this case one for each nucleus - as
for a parallel imaging experiment (Supplementary Table 1). In hardware, the preamplifier
for 13C is configured as if it is the 2" channel in a parallel imaging experiment. This means
that the control cables are swapped such that the scanner is receiving 1H data from the first
channel and 13C data from the second (Supplementary Figure 1). This is achieved by using
the local oscillator line from the low-band transmitter (set at the ‘demodulation’ frequency
of 13C) and connecting it to the 2" preamplifier. In this way, each channel is demodulated
at the preamplifier to 80MHz (as is standard on this system), and all remaining processing
and saving of data are the standard settings for a 1H scan with the prescribed parameters.

For polarization, 30pL aliquots of [1-13C]pyruvic acid and 15mM trityl radical (OX63, GE
Healthcare) were prepared and inserted into a Hypersense polarizer (Tubney Woods,

NMR Biomed. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gordon et al.

Page 5

Abingdon, Oxfordshire, UK), cooled to 1.4K and irradiated with ~94GHz microwaves for
approximately one hour. Samples were subsequently dissoluted with 4mL of 100mM
NaOH/Tris and 250mg/L EDTA, resulting in a [1-13C]pyruvate concentration of 100mM at
physiologic temperature and pH. The polarized [1-13C]pyruvate was drawn off and 10uL/g
was rapidly injected via tail-vein cannulation. Animal temperature was maintained at 36.5 +
0.5°C using a rectal probe coupled with a hot air blower for the duration of the experiment.
All animal experiments were approved by IACUC and were performed according to
protocol guidelines.

Phantom Experiments

To validate and test the efficacy of simultaneous SPSP excitation, a phantom consisting of
three vials, one containing silicon oil with chemical shift Af(*H) = -960Hz; a second

with 13C urea dissolved in H,0 (7.7M; Af(tH) = Af(13C) = 0Hz), and a third with neat
[1-13C]acetic acid (17.4M; Af(*H) = =530Hz, Af(13C) = 719Hz) was used. The 15ms SPSP
excitation was designed for independent excitation of [1-13C]pyruvate and metabolites at
4.7T, resulting in a passhand FWHM of 140Hz and stopband width of 1400Hz. These values
were chosen to minimize stopband excitation of pyruvate-hydrate and bicarbonate when
lactate was excited. Two sets of simultaneous 13C and *H Cartesian gradient spoiled GRE
images (TR/TE = 16.9/8.5ms, spectral width (SW) = 100kHz, 1.28ms readout, 128x128
matrix) were acquired with independent 1H and 13C excitation frequency offsets.
Multinuclear image sets of water and 13C urea were simultaneously acquired, followed by
the 1H and [1-13C]acetic acid resonances. Data were reconstructed with a 2D Fourier
transform, with the central 32 x 32 region of the 13C images cropped and zero filled by a
factor of 4 to match the 1H resolution and FOV.

In-Vivo Experiments

For in-vivo experiments, two healthy ICR mice (one for each experiment) were fasted for 12
hours prior to imaging. Mice were anesthetized using 1.5% isoflurane and respiration was
monitored using a respiratory pad in order to ensure a stable anesthetization (Small Animal
Instruments, Stony Brook, NY).

Cartesian and spiral gradient spoiled GRE pulse sequences were modified to enable
simultaneous acquisition of 1H and 13C species. 1H data were acquired with a 0.5x0.5mm?
in-plane resolution and a slice-thickness of 2.5mm, resulting in 2x2mm? in-plane resolution
and a slice thickness of 10mm for 13C metabolites. To demonstrate multinuclear and
multispectral capabilities, two pairs of resonances were acquired per nucleus in sequential
images: multinuclear image sets of [1-13C]pyruvate and water were simultaneously
acquired, followed immediately by simultaneous acquisition of [1-13C]lactate and fat.
Proton images were excited with a flip-angle of 15° while 13C metabolites were excited with
independent flip-angles (30° for [1-13C]lactate, and 10° for [1-13C]pyruvate) to more
efficiently use the spin polarization over the duration of the experiment.

For the in-vivo Cartesian experiment, data were acquired with TR/TE = 16.9/8.5ms, SW =
10kHz, 6.4ms readout, and a 128x128 matrix size. In order to further conserve the 13C
polarization, the 13C channel was excited only every 4™ phase encode of the IH acquisition.
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This maintains the same FOV (in the phase encoding direction) for both nuclei while
mitigating 13C polarization loss due to RF excitation, at the expense of four-fold longer total
scan time. Data were reconstructed as described above and the 1H images were used to
localize and provide an anatomical reference for 13C metabolite maps. In this experiment
only one time point was acquired, corresponding to the peak lactate signal occurring 20s
after the start of injection to emphasize applications requiring higher spatial localization

of 13C function to 1H structure.

For the in-vivo spiral experiment, dynamic data were emphasized. Dynamic data were
acquired with a fully-sampled single-shot trajectory (35), with a readout duration of
18.25ms. A 1D spectrum (5° flip-angle, 10kHz SW, 4096 complex points) was acquired at
each timeframe to determine the relative frequencies of [1-13C]pyruvate and downstream
metabolites. Data acquisition began prior to injection, with a five second delay between
timeframes to allow for metabolism to occur. In a separate post-scan step, the k-space
trajectory was measured on the 2H channel using a thin slice excitation method (36).

For analysis, spectra were multiplied with a 20Hz exponential filter prior to being Fourier
transformed and phased. Spiral data were frequency demodulated based on the frequency
difference between the transmitter frequency and apparent chemical shift from the acquired
spectra to account for a global receiver offset. Data were then gridded and Fourier
transformed to create metabolite maps for each species of interest. To account for the
difference in gyromagnetic ratios, the k-space trajectory was scaled by a factor of ¥ prior
to 13C gridding to yield final images with equivalent FOVs for both nuclei. Metabolite time
courses and lactate-to-pyruvate area under the curve (AUC) ratios (37) were obtained from
imaging data based on kidney ROIs derived from the simultaneously acquired water data.
To assess the degree of inter-scan bulk motion, the cross-correlation was calculated between
the initial and subsequent 1H images from each timeframe.

Images from simultaneous SPSP excitation in a multinuclear phantom can be seen in Fig. 3.
Comparing Fig. 3A with Fig. 3B and 3C illustrates the ability of simultaneous SPSP
excitation to individually excite and reconstruct images of vials containing H and 13C
chemical species separately. Note that for this data the difference in v leads to a four-fold
thicker 13C slice (10mm as compared to 2.5mm), offsetting the reduced SNR expected for
the lower receptivity of 13C nuclei at Boltzmann equilibrium. Experimental results support
the ability to achieve strong off-resonance suppression without visible cross-talk between
the two nuclei or resonances, enabling robust simultaneous imaging of specific chemical
species.

Based on the phantom experiments, the method was extended to preliminary in-vivo studies
of renal metabolism in a healthy mouse model to assess feasibility. Fat and water images
(Fig. 4A, B) acquired at 0.5mm in-plane resolution with a Cartesian acquisition show
excellent separation of the renal cortex from the adipose tissue surrounding the kidney.
Signal is attenuated in the ventral region of the proton images due to field inhomogeneities
arising from the respiratory pad used for animal monitoring. Metabolite maps of
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[1-13C]lactate and [1-13C]pyruvate (Fig. 4C, D) agree with the expected underlying anatomy
obtained from the water images. No dynamic images were acquired in this experiment in
favor of a single time point image acquired at the time of peak [1-13C]lactate signal.

Dynamic images of renal metabolism of [1-13C]pyruvate and [1-13C]lactate acquired with a
spiral acquisition every 5s can be seen in Fig. 5. Similar to the simultaneously acquired
Cartesian data, images of [1-13C]pyruvate delivered via tail vein intravenous injection are
dominated by the vasculature while images of lactate indicate strong metabolism in the
kidneys. Dynamic 1H data show kidney motion during the experiment, likely due to
respiratory motion between time frames. This is most visible in the 4™ timeframe (Fig. 6),
and is readily apparent when the normalized cross-correlation between simultaneously
acquired water time frames is measured. It is feasible to use the 1H image to either guide
placement of the ROIs for quantitative measures or to discard motion-corrupted frames from
the analysis. In this case, the lactate-to-pyruvate AUC ratio was calculated from an ROI
shifted to account for the motion. The motion compensated results for the AUC ratio
differed by nearly 15% (0.713 vs. 0.819 for the static and dynamic ROIs, respectively). Note
that the simultaneously acquired 13C data are distorted as a result of the motion detected on
the high-resolution structural *H image and this allows the analysis to be adapted
accordingly.

Discussion

This study demonstrates the feasibility of a simultaneous 1H/23C acquisition with SPSP
excitation using both Cartesian and spiral pulse sequences. Two test cases were
demonstrated, emphasizing improved structure-function association and dynamic motion
tracking for imaging renal metabolism, respectively. This method adapts the decoupling
channel of our commercial small animal MRI scanner to enable independently tunable
broadband and proton transceiver channels that are integrated within standard system
hardware and software. This approach for simultaneous imaging requires hardware that may
not be initially available on all vendor platforms, but was available on our Agilent small
animal scanner with minor hardware (<5 minute setup) and pulse sequence modifications to
accommodate simultaneous SPSP excitation and reception.

The Cartesian data are presented as a proof of concept for the combination of SPSP imaging
with simultaneous multinuclear excitation, as well as to demonstrate the flexibility of the
proposed simultaneous imaging method. In the in-vivo experiments, every 41 phase encode
was acquired on the 13C channel to minimize RF deposition and match the IH FOV in the
phase encode direction. The scan time is therefore increased fourfold when compared to an
acquisition that only acquires 13C data directly but with the potential advantage of improved
spatial-temporal correlation of structure and function. Despite the scan time inefficiencies
compared to single-shot methods (e.g. spiral), there are benefits to a conventional trajectory
in circumstances where spatial resolution is emphasized over temporal resolution. This is a
consequence of the Cartesian acquisition’s relative robustness to off-resonance and
trajectory errors. In such interleaved acquisition scenarios the potential exists for a mixture
of thermal T recovery for 1H and hyperpolarized non-equilibrium T4 decay for the
hyperpolarized 13C species. An interleaved Cartesian approach would enable different view
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orders for both nuclei, and extended TR intervals for the IH nucleus may make sense in
some applications to allow for Ty recovery between higher frequency 13C excitations,
especially in circumstances where higher resolution H data are of interest. Since 1H
imaging can support much higher resolutions, the total imaging time in such a scenario will
likely more than double but with positive benefits in terms of SNR and resolution.

The feasibility of truly simultaneous imaging, i.e. for every single TR, was also shown for a
non-Cartesian spiral acquisition specifically for a dynamic imaging application. Whereas
Cartesian acquisitions are more robust to off-resonance effects, they are RF inefficient and
have a coarser temporal resolution when used for dynamic imaging. Moreover, coupling
SPSP excitation with a non-Cartesian readout removes the need for spectral encoding,
greatly simplifying acquisition and reconstruction while enabling the use of automatic off-
resonance correction algorithms (38-41) that are incompatible when multiple chemical
species are excited. While the spiral 1H data acquired in a single-shot is unable to provide
the structural detail of a high-resolution Cartesian image, it can be used to track bulk motion
using mutual information or cross-correlation methods to quantify misregistration and
retrospectively correct (22) or allow for the omission of corrupted timeframes. Due to the
coarse spatial resolution typically used in HP 13C experiments, motion between scans can
appear as aberrant metabolism outside the organ of interest, potentially obfuscating kinetic
measures. Respiratory motion of the kidney is well documented in human patients (42—-44)
and is likely to be a concern even in small animal studies. By also acquiring a H image
concurrently, the ROI for kinetic measures of metabolism can be updated at each timeframe
and kinetic data can be corrected for inter-scan motion. Furthermore, employing a single-
shot readout as in the spiral acquisition minimizes potential artifacts arising from motion
between multi-shot encodings.

One limitation of this approach is that a simultaneous acquisition requires specialized
hardware and may require tradeoffs between the optimal imaging parameters for both nuclei.
Any implementation would require, at minimum, a dual-tuned, multinuclear coil or a
standalone 13C coil if a 1H body coil is present, along with separate 1H and x-nuclei/
broadband RF amplifiers. While construction of dual-tuned coils is relatively
straightforward for well-separated frequencies, their construction becomes more difficult for
nuclei pairs with similar Larmor frequencies, such as 1H/1F (45). Differences in T,
between the two nuclei will place limitations on the optimal readout duration before blurring
becomes apparent, while the difference in y will modulate the FOV and reduce spatial
resolution for the lower y nucleus. In practice, the fourfold difference between the 13C

and TH gyromagnetic ratio is fortuitous as it results in spatial or temporal resolution
tradeoffs that are sufficient for visualizing both nuclei on the time scale of dynamic
metabolism. Nevertheless, the difference in y between other nuclei pairs may be suboptimal
for a given application. In this case, an interleaved excitation scheme (25) or post-processing
techniques may be required to generate images with the desired resolution for both nuclei.

A second limitation is the small sample size in this study. The focus of the present work is
necessarily on demonstrating the technical feasibility and the consequences of using a
simultaneous approach to 13C/1H acquisition. Given the implementation on a small animal
imaging system, additional hardware flexibility is gained compared to clinical MRI systems,
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enabling a truly simultaneous acquisition. Additional studies are needed to rigorously
validate the proposed applications to improve image quality for structure-function
association and dynamic imaging.

While this work focuses on imaging of 1H structure and 13C metabolism, it is readily
amenable to other structure-function applications in low signal nuclei like 23Na, 31P, or 1°F,
or methodologies where data acquisition in a short period of time is paramount such as HP
studies of 3He or 129Xe. The method is straightforward, easy to implement, and provides
similar imaging capabilities for all nuclei that are being imaged. Other potential advantages
that were not explored in this work include real-time field mapping (46) or deformable
registration strategies. The flexibility of the acquisition strategy allows for a variety of
possible acquisitions or correction methods that could improve the quality of multinuclear
structure-function imaging. This technique can be naturally extended to MRI acquisition
strategies such as parallel imaging and compressed sensing. It is anticipated that the method
can be combined with most pulse sequences, and is compatible with more than two nuclei as
long as the appropriate scanner hardware adaptations are available.

Conclusion

This work demonstrates a method for simultaneously acquiring multinuclear spectroscopic
data during a single scan. Both Cartesian and spiral implementations are shown, and the
flexibility of SPSP RF pulses is demonstrated by simultaneously acquiring specific
resonances on both the 1H and 13C channels. By virtue of the simultaneous acquisition,
structural IH data are spatially and temporally correlated with the functional 13C data
allowing for potentially improved quantitative analysis with minimal to no increase in scan

time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The simultaneous pulse sequence (A) illustrates the design and playout for the concurrent

Cartesian acquisition of 1H and 13C used in this work. The slice-thickness and k-space
trajectory (B) is modulated by the y of each nucleus, affecting both the resolution and FOV
of the 13C data (C). These differences can be readily corrected for combined structure-
function by upsampling the image from the lower vy species.
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Block diagram of hardware changes necessary for simultaneous acquisition. The low band
(LB) local oscillator (LO) frequency is split from the LB transmitter (XMTR) board output
and routed directly into the 24 mixer/receiver dedicated to the LB frequency. The receiver
(RCVR) and control lines for the 2" high band (HBY) parallel imaging pre-amp are re-routed
and connected to the LB pre-amp.
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Figure 3.
Image experiments of the multispectral phantom (A) consisting of silicon oil, [1-13C]acetic

acid, and 13C urea dissolved in H,0. Independent control of 1H and 13C frequency offsets
allows for selective excitation of both 1H and 13C species simultaneously (B: Af(*H) =
-530Hz, Af(13C) = 719Hz; C: Af(*H) = OHz, Af(13C) = OHz). 1H data is in grayscale,
with 13C data overlaid in color.
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Figure4.
Simultaneously acquired images of soft tissue anatomy (water and fat) and renal metabolism

acquired with a SPSP excitation and gradient spoiled GRE Cartesian acquisition. Proton
images show excellent spectral separation of water (A) and fat (B). Images of lactate (C) and
pyruvate (D) agree well with the underlying anatomy from the simultaneously acquired
water image. 13C metabolite maps are in arbitrary units and were independently thresholded.
Signal is attenuated in the ventral region of the 1H images from the respiratory pad used for
animal monitoring.
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Lactate Pyruvate

Figure5.
Simultaneous images of renal metabolism (in units of normalized intensity) acquired with a

SPSP excitation and a spiral acquisition. Both pyruvate and lactate metabolite maps agree
with the underlying 1H anatomy, even in the case of apparent motion induced distortion at
15s (frame 4). The timestamp is referenced to time from peak pyruvate signal.
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Figure®6.
Timeframes 3-5 from the simultaneous SPSP spiral acquisition. Frame 4 (15s) exhibits

artifacts due to bulk/respiratory motion that are not present in adjacent timeframes. The
normalized cross-correlation (XCorr) between water timeframes indicated in the lower right
corner of the 1H water images highlights this inter-scan motion and distortion.
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