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Abstract

The goal of this project was to develop and apply techniques for T, mapping and 3D high
resolution (1.5 mm isotropic; 0.003 cm3) 13C imaging of hyperpolarized (HP) probes
[1-13C]lactate, [1-13C]pyruvate, [2-13C]pyruvate, and [*3C,1°N,]urea in vivo. A specialized 2D
bSSFP sequence was implemented on a clinical 3T scanner and used to obtain the first high
resolution T, maps of these different hyperpolarized compounds in both rats and tumor-bearing
mice. These maps were first used to optimize timings for highest SNR for single time-point 3D
bSSFP acquisitions with a 1.5 mm isotropic spatial resolution of normal rats. This 3D acquisition
approach was extended to serial dynamic imaging with 2-fold compressed sensing acceleration
without changing spatial resolution. The T, mapping experiments yielded measurements of T,
values of greater than 1 s for all compounds within rat kidneys/vasculature and TRAMP tumors,
except for [2-13C]pyruvate which was ~730 ms and ~320 ms, respectively. The high resolution 3D
imaging enabled visualization the biodistribution of [1-13C]lactate, [1-13C]pyruvate, and
[2-13C]pyruvate within different kidney compartments as well as in the vasculature. While the
mouse anatomy is smaller, the resolution was also sufficient to image the distribution of all
compounds within kidney, vasculature, and tumor. The development of the specialized 3D
sequence with compressed sensing provided improved structural and functional assessments at a
high (0.003 cm?3) spatial and 2 s temporal resolution in vivo utilizing HP 13C substrates by
exploiting their long T, values. This 1.5 mm isotropic resolution is comparable to *H imaging and
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application of this approach could be extended to future studies of uptake, metabolism, and
perfusion in cancer and other disease models and may ultimately be of value for clinical imaging.

Keywords
13C; hyperpolarized; pyruvate; urea; DNP; SSFP

1. Introduction

Dissolution dynamic nuclear polarization (DNP) of carbon-13 enriched compounds with the
aid of an electron paramagnetic agent and then rapidly dissolved, can increase the liquid
state NMR signal-to-noise ratio (SNR) more than 10,000 fold [1]. MRI of hyperpolarized
(HP) 13C substrates is a powerful tool for detecting the metabolic and physiological changes
that underlie disease processes in a noninvasive fashion [2-6]. However, the hyperpolarized
signal is lost rapidly due to T relaxation metabolic conversion, resulting in a limited
temporal window for imaging. Furthermore, each applied radiofrequency pulse depletes the
non-recoverable magnetization, creating design challenges for fast imaging approaches
aimed at efficiently utilizing the hyperpolarized magnetization [1]. Therefore, specialized
developments in MRI sequence design are required for hyperpolarized carbon-13 imaging.
The implementation of different MRI data sampling strategies, including fast MRSI
approaches such as echo-planar spectroscopic imaging with compressed sensing [7,8] and
spiral MRSI [9], echo planar or spiral imaging with spectral-spatial excitation [10-14] and
concentric rings trajectories [15], have all been applied in preclinical HP studies. While
these sequences provided coverage and either sufficient spectral resolution (MRSI) or
imaging of individual resonances (MRI), they were limited by relatively low spatial
resolution, which can potentially limit their application.

The balanced steady-state free precession (bSSFP) sequence has the advantage of offering
higher signal-to-noise ratios per unit time than other sequences [16,17]. This has been
extensively demonstrated in proton imaging [18-20], and has consequently been utilized in
HP 13C imaging [21-25] for metabolic and perfusion imaging. As described previously [26],
bSSFP sequences use the hyperpolarized magnetization effectively, exploiting the long
relaxation times associated with various hyperpolarized probes. T, mapping can provide a
valuable tool to measure the T, relaxation times of these probes in vivo and has been
successfully performed with the bSSFP sequence with hyperpolarized urea [22], thereby
allowing proper optimization of subsequent imaging acquisitions for the specific T, values.

Hyperpolarized 13C pyruvate MRI studies have demonstrated several potential applications
including cancer [2], diabetes [27], and cardiac disease [13,28]. The hyperpolarized lactate-
to-pyruvate ratio reflects changes in glycolysis related to the enzyme lactate dehydrogenase
(LDH) that is up-regulated in human cancers including prostate [2,4,29,30]. Measurements
of LDH kinetics by HP 13C-pyruvate MR have shown significant differences between cancer
and normal tissues and with therapeutic response in preclinical models [31-34]. The
feasibility and safety of HP 13C-pyruvate MRI was demonstrated in a Phase 1 clinical trial
of 31 prostate cancer patients [3]. Also, recent studies incorporating new sequence
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development have shown the utility of this MR molecular imaging technique to probe not
only metabolism, but also perfusion and vascular permeability [35-38]. Additionally, recent
studies of tumor pathogenesis have focused on the heterogeneous nature of tumors, based on
the hypothesis that subpopulations of tumor cells may drive proliferation and aggressiveness
of the disease, specifically as regards to the concepts of lactate shuttling and the “reverse
Warburg effect,” suggesting the importance of lactate as a probe for metabolism [29]. The
spatial heterogeneity of tumor metabolism and perfusion is not readily measured by current
clinical methods, but may have considerable diagnostic and predictive value, such as in
assessing aggressiveness and guiding biopsies [39,40]. HP [13C]urea has been applied to
image tumor perfusion [35], and can be readily combined with metabolic probes to
simultaneously assess changes in both metabolism and perfusion [36] and has also been
recently applied for cardiac perfusion imaging [38]. Urea is also important in renal function
and renal urea handling can be measured using hyperpolarized MRI [22,37]. Hyperpolarized
urea furthermore has an exceptional safety profile as a medical imaging contrast agent.

The goal of this study was to investigate a new approach for tissue characterization using
high resolution HP MR imaging of [1-13C]pyruvate, [2-13C]pyruvate, [1-13C]lactate, and
[13C,15Nj]urea in vivo in both normal rats and tumor-bearing mice at 3 Tesla. T, mapping
with a 2D bSSFP sequence allowed identification of the distribution of T, values of each
compound in different biological compartments in vivo at a high in-plane resolution. A
custom 3D bSSFP sequence was then applied for high resolution imaging of each
compound, including both single time-point and serial dynamic images. This was performed
with the incorporation of compressed sensing as well as using parameters derived from the
T, mapping results. In this project, the biodistribution and temporal dynamics of the injected
HP compounds was investigated with 1.5 mm isotropic resolution within rat and mouse
kidneys and vasculature as well as in tumors from transgenic mouse models of cancer.

2. Methods

2.1 Hyperpolarization

Neat [1-13C]pyruvic acid (Sigma Aldrich, St. Louis, MO, USA) was mixed with 15 mM
trityl radical (GE Healthcare, Waukesha, WI) and 1.5 mM Gd-DOTA (Guerbet, Roissy,
France). Neat [2-13C]pyruvic acid (Sigma Aldrich) was mixed with 15 mM trityl radical
(GE Healthcare, Waukesha, WI) and 1.5 mM Gd-DOTA. Neat [1-13C]lactic acid (Sigma
Aldrich) was mixed with a small amount of distilled water for liquification and mixed with
15 mM trityl radical OX063 (Oxford Instruments, Abingdon, UK) and 1 mM Gd-DOTA.
[13C,15N,]Urea (Sigma Aldrich) was dissolved in glycerol and mixed with 15 mM trityl
radical OX063 (Oxford Instruments, Abingdon, UK) and 1.5 mM Gd-DOTA. Each
compound was individually polarized in either a HyperSense dissolution DNP system
(Oxford Instruments, Abingdon, UK) operating at 1.35 K and 3.35 T (lactic acid [41] and
urea [22]) for ~1hr or a SpinLab (GE Healthcare, Waukesha, WI), operating at 0.8K and
3.35T (pyruvic acids [42]) for ~2hrs to achieve polarizations of 20-25% (urea and lactate) to
30-35% (pyruvic acids). The dissolution media and resulting concentration for each
compound was as follows: 4.5 mL of 80 mM NaOH/40 mM Tris buffer for [1-13C]pyruvic
acid resulting in 80 mM [1-13C]pyruvate (hereafter referred to as Cy-pyruvate); 4.5 mL of 80
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mM NaOH/40 mM Tris buffer for [2-13C]pyruvic acid resulting in 80 mM [2-13C]pyruvate
(hereafter referred to as Co-pyruvate); 4.5 mL of 160 mM NaOH/40 mM Tris buffer for
[1-13C]lactic acid resulting in 160 mM [1-13C]lactate (hereafter referred to as lactate); 5mL
of 1x phosphate-buffered saline for [13C,15N,]urea resulting in 110 mM [*3C,15N,]urea
(hereafter referred to as urea).

2.2 Animal Handling

All animal studies were done under protocols approved by the University of California San
Francisco Institutional Animal Care and Use Committee (IACUC). Six normal Sprague-
Dawley rats (three for T, mapping, three for 3D imaging), six transgenic adenocarcinoma of
mouse prostate (TRAMP) mice [43], and one oncogene-driven breast cancer mouse [44]
were used in these studies. Both the rats and mice were anesthetized with isoflurane (1.5%)
and placed in a supine position on a heated pad throughout the duration of the experiments.
After polarization and dissolution, each of the compounds were injected into the animal via
tail vein catheters: ~3 mL over 12 s for each rat and ~500 L over 15 s for each mouse.

2.3 Image Acquisition and Reconstruction

All experiments were performed on a 3T GE MR750 clinical scanner (GE Healthcare,
Waukesha, WI) with multinuclear capability. The studies were performed with dual-

tuned IH/13C transceiver birdcage radiofrequency coils that have either a diameter of 8 cm
for rats or a diameter of 5 cm for mice [31].

All acquisitions were performed using a custom 13C bSSFP sequence with either one phase
encoding dimension (projection along the anterior-posterior direction) (T, Mapping) or two
(3D imaging) phase encoding dimensions. In each acquisition, a flip angle of 180 degrees
was used for optimized SNR, off-resonance insensitivity, and near optimal k-space filtering
effect [17]. a/2 — TR/2 preparation pulses were used to reduce transient state signal
oscillations [26]. A basic sinc RF pulse was used for both the 90° preparatory pulse and
180° pulses train with linear scaling (3.2 ms pulse duration, TBW = 4 for T, mapping and
1.6 ms pulse duration, TBW = 4 for 3D imaging). A 1mL enriched [13C]urea vial phantom
(6.0M) was used for frequency and power calibration. For anatomical localization, 3D
bSSFP proton (16 x 8 x 4.8 cm, 256 x 128 x 80, 5.1 ms TR, 50° flip angle) images were
obtained for rat studies, while T,-weighted fast spin echo proton (6 x 6 x 8 cm, 256 x 192 x
40, 7.6 s TR) images were obtained for mouse studies. The acquisitions were started at 30 s
after injection for To mapping and 20 s for all 3D imaging.

The T, mapping for C1-pyruvate and lactate in rat kidneys (Figure 1 and Figure 3), as well
as pyruvate, lactate, and urea in mouse tumors (Figure 1 and Figure 4) were acquired
similarly to prior studies for [13C,15N,]urea [22]. Briefly, the parameters were 14 x 7 cm
FQV, 140 x 70 matrix size yielding 1 mm in-plane resolution for the coronal acquisitions, 11
ms TR, 770 ms temporal resolution, 15.4 s total scan time for 20 dynamic images, each
acquired in projection mode. The parameters for TRAMP T, mapping were 3 x 3 cm FOV,
30 x 30 matrix size yielding 1 mm in-plane resolution for the coronal acquisitions, 11 ms
TR, 330 ms temporal resolution, 6.6 s total scan time for 20 dynamic images. Co-pyruvate
T, maps were acquired with a coarser resolution due to SNR considerations, specifically a
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14 x 7 cm FOV, 56 x 28 matrix size yielding 2.5 mm in-plane resolution (rat) or 8 x 4 cm
FQV, 36 x 18 matrix size yielding ~2 mm in-plane resolution (TRAMP mouse) for the
coronal acquisitions, while keeping the other parameters the same. The T, maps were
reconstructed using a nonnegative least squares algorithm with Tikhonov regularization as
described in [45]. Briefly, pseudo-spectra were generated with the algorithm based on an
input of 128 logarithmically-spaced T, values and an exponential decay model, and the long
(>2 s) and short (<2 s) T, components [22] and associated amplitudes were found based on
the peaks in the pseudo-spectra. An SNR cutoff based on the first time point was used to
determine which pixels would be fit for each of the compounds: 30 for lactate in rat kidney,
15 for Cq-pyruvate in rat kidney, 20 for C,-pyruvate in rat kidney, and 15 for all compounds
in mouse tumor. As an example of the T, mapping acquisition, Figure 1 depicts the full
dynamic set of images for acquisition of lactate in a rat (a) and mouse tumor (b). Associated
bilinear (semilog plot) and biexponential decay for a single pixel in rat kidney, and linear
(semilog plot) and monoexponential decay for a single pixel in mouse tumor are also
provided.

Since the contribution of signal from metabolic products of lactate [41] and Co-pyruvate [46]
is negligible in comparison with the primary injected substrate, for the acquisitions as
described, the measured T,’s should represent the true T,’s of these substrates. In the case of
Cy-pyruvate, however, the measurements reflect an aggregate T, of Cq1-pyruvate and its
metabolic products lactate and alanine.

The 3D fully sampled rat acquisitions (Figure 5) had the following parameters: 12 x 6 x 2.4
cm3 FOV extending throughout the heart and abdomen, 80 x 40 x 12 matrix size, yielding a
1.5 mm isotropic spatial resolution (0.003 cm3), 8.5 ms/4.25 ms TR/TE for a total scan time
of ~4 s. A Cartesian raster encoding scheme was used, giving a ~2 s effective echo time.
SNR was calculated in MATLAB by manually drawing ROIs in kidney and vasculature
slices with the highest signal, as well as a region containing only noise. C,-pyruvate 3D
imaging in the rat was performed using partial Fourier encoding along one phase encoding
dimension, acquiring only 5/6 of k-space, while keeping other parameters the same as
previously mentioned. The data were reconstructed using a projection onto convex sets
(POCS) reconstruction [47,48]. The 3D fully sampled mouse cancer model acquisitions
(Figure 6) had the following parameters: 6.4 x 4.8 x 1.6 cm3 FOV, 32 x 24 x 8 matrix size,
yielding a 2 mm isotropic spatial resolution (0.008 cm3). An 8.5 ms TR for a total scan time
of ~1.6 s was still used. The Cartesian raster encoding scheme gave a ~0.8 s effective echo
time. The resulting carbon images were interpolated to 256 x 256 in-plane and either aligned
with (rats) or overlaid onto (mice) proton images in multiple orientations using Osirix [49].

The TRAMP cancer model acquisition (Figure 7) was then modified to use compressed
sensing for higher temporal resolution allowing for 3D high resolution dynamic imaging. A
variable-density pattern, designed with a Monte-Carlo simulation [50] and shown in Figure
2a, was chosen to accelerate the acquisition two-fold with fully acquire k-space center, while
maintaining the same 1.5 mm nominal spatial resolution. The parameters for each
acquisition were 3 x 3 x 2.55 cm3 FOV, 20 x 20 x 17 matrix size, 8.5 ms TR for a total
acquisition time of ~1.4 s per dynamic time point. A 600 ms delay was used between
successive time points, giving a total acquisition time of ~20 s for 10 dynamic 3D

Magn Reson Imaging. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Milshteyn et al.

3. Results

Page 6

acquisitions. The resulting data was reconstructed using a §-penalized nonlinear conjugate
gradient algorithm with a Daubeches-4 wavelet transform on each individual time point,
similar to the reconstructions described in [50]. This algorithm was used to solve the
following problem:

argmin,, | Fum—y||o+Al|¥m||;+ TV ;. (m)

where mis the reconstructed MRI image, £, is the undersampled Fourier Transform
operator associated with the sampling pattern, y is the acquired data, y is the sparsifying
transform, A is the weight for §-norm minimization, 7V, is the total variation (TV) penalty
for the spatial dimensions, and a is the weight for the TV penalty. The A and a parameters
were chosen empirically to be 0.005 and 0.00005, respectively, via retrospective simulations
of 50% undersampling of a previously acquired fully sampled dataset. Figure 2b depicts the
results of the simulation with a comparison of a representative tumor slice. The
reconstructed image matches the original image very closely based on the difference image,
which was scaled up by a factor of 5 for visualization. The structural similarity index
(SSIM) and normalized root mean squared error (NRMSE) were calculated to quantify these
differences, which resulted in a SSIM value of 0.9255 and NRMSE of 7.00%, indicating the
pattern design and undersampling factor were suitable for high resolution dynamic imaging.

3.1 T, Mapping

The mean T, distribution of lactate, C1-pyruvate, and C,-pyruvate can be seen in both
Figure 3a and Table 1, where a decrease in T, was observed from the vasculature to the renal
cortex. The longest mean T values of lactate, at ~2.6 s, were measured in the vasculature,
with a decrease to ~1.95 s in the kidneys. Decreasing values were observed from the renal
pelvis to the renal cortex. A similar trend was observed with C1-pyruvate, albeit with about
30% lower values as compared to lactate, and Co-pyruvate, with a mean T» value of ~0.75 s
in both vasculature and kidney. Figure 3b and 3c show the long and short T, components,
respectively, of each compound. The short T, component was evident in both vasculature
and kidney among all compounds, while lactate showed considerable long components,
especially in the vasculature. Previously acquired T, maps of urea show a similar
distribution within the kidney [22], and the results presented here are relatively similar to the
results of previous T, measurements of these 13C compounds [51,52]. Though the lactate
and Cq-pyruvate experiments yielded T, values of approximately half those of urea [22],
these values were still long enough to be exploited effectively for high resolution imaging
since the T and T, were either longer or on the order of the effective echo time of the
subsequent 3D experiments, allowing for acquisition of high k-space signal with rasterized
phase encoding and insignificant T, blurring [26].

Within the TRAMP tumor, the mean T, measurements (Figure 4) for lactate, C1-pyruvate,
and urea ranged from ~1.8-2.5 s, while C,-pyruvate was ~0.3 s, similar to previous studies
[51,52]. The tumors had some T variability with the intra-tumor standard deviation
equaling ~10-20% of the mean value due to the inherent spatial heterogeneity in these
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tumors. Similar to the T, mapping for rat kidneys and vasculature, the T, values were still
long enough to be utilized for high spatial resolution imaging for both single time point and
serial dynamic imaging with the bSSFP sequence. The effective echo times were also
relatively short compared to T; and T due to the fewer phase encodes acquired for single
time point (smaller FOV compared to rat) and serial dynamic imaging (smaller FOV and
undersampling).

3.2 Fully Sampled 3D Rat and Mouse Cancer Model Imaging

Figure 5 shows the resulting 3D images in rats of lactate, C1-pyruvate, and Co-pyruvate.
Uptake and biodistribution of these compounds can be seen within the kidney, with the
image resolution being sufficient to visualize the renal pelvis and cortex of the kidney, as
well as the connecting vasculature components. Figure 5a features all 12 slices
corresponding to the 3D lactate acquisition, with the SNR being high enough to also
visualize signal in the heart. Figure 5b features representative slices of lactate and Cy-
pyruvate next to the corresponding H image, as well as the reformatted axial slices, owing
to the 3D isotropic nature of the acquisition. Figure 5¢c shows a representative C,-pyruvate
slice overlaid onto the corresponding 1H image. The SNR trend between these three
compounds followed the mean T trend discussed previously. However, the SNR of Co-
pyruvate was still high enough at 1.5 mm isotropic resolution to see uptake in the
vasculature and kidneys. The resulting SNR within different parts of the rat kidney, as well
as the vasculature, is presented in Table 2.

Similarly, the 3D images of the TRAMP and breast cancer mice in Figure 6 overlaid on top
of the IH images, show uptake of C;-pyruvate within the kidneys and the tumor. While the
mouse anatomy is smaller, the resolution here was also sufficient to image the distribution of
C,-pyruvate within vasculature, renal pelvis and cortex, and tumor. With the effective echo
time being only ~2 s for rat acquisitions and ~1.4 s for mice acquisitions, the long T, values
of these molecular probes enabled sufficient SNR with the bSSFP sequence to obtain 1.5
mm and 2 mm isotropic resolution, respectively, for the depiction of these anatomical
structures.

3.3 Compressed Sensing TRAMP Imaging

The 2x fold acceleration via compressed sensing was shown to successfully acquire dynamic
data of hyperpolarized C1- and C,-pyruvate, lactate, and urea while improving the spatial
resolution utilized in the previously shown fully sampled data by 25% in each spatial
dimension. There was no observed SNR loss with the compressed sensing acquisition even
with a higher spatial resolution as evidenced by 2x fold SNR difference between the first
dynamic time point and the fully sampled acquisition (~40 vs. ~20) of C4-pyruvate. The first
five time-points of the 3D dynamic acquisition from a representative kidney and tumor slice
are shown in Figure 7a—c, with Co-pyruvate carbon images overlaid on top of 1H images in
7d (tumor) and 7e (tumor). With the 1.5 mm isotropic resolution, uptake and distribution of
all three compounds within kidneys, vasculature, and tumor was seen, similar to the fully
sampled images above. Furthermore, the differences in the dynamics of each compound
correlated with the mean T values mentioned previously, whereby C,-pyruvate quickly
decayed due to both relaxation and metabolism, while lactate and urea persisted longer,
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especially in the kidney, owing to the long T, values mentioned here and measured
previously. While not shown here, injection of C1-pyruvate instead of C,-pyruvate yielded
similar results as with C,-pyruvate, albeit the dynamic signal lasted slightly longer due to
the longer T; and mean T, value.

4. Discussion

The results of this study demonstrated the feasibility and capability of 1.5 mm isotropic
resolution hyperpolarized carbon-13 imaging on a 3T clinical scanner with the bSSFP
sequence. Metabolically important compounds, such as pyruvate and lactate, as well as a
perfusion agent, urea, were imaged at high enough spatial resolution to determine
distribution, uptake, and structural morphology within specific anatomical features, such as
different kidney compartments and inhomogeneity within tumors. 1 mm in-plane T, maps
were also generated, showing the existence of long and short components for the different
compounds, both corroborating previous studies on the in vivo carbon-13 T,’s, as well as
providing a better anatomical distribution of the T,’s. The feasibility of using compressed
sensing in conjunction with the bSSFP sequence was demonstrated for improved temporal
resolution without sacrificing spatial resolution, which may be useful for translating this
approach for clinical imaging, as larger volume coverage (larger matrix sizes) will
necessitate increased sequence acceleration.

The T, values of pyruvate (C; and C,) and lactate identified within rat kidneys and
vasculature can be explained based on the relaxation mechanisms associated with 13C
labeled compounds such as chemical shift anisotropy and the dipolar relaxation [22,53,54].
The relative contribution of each of these pathways remains unknown in vivo, as is the net
contribution from intra- and intermolecular relaxation pathways and relaxation from
transport between differing microenvironments. Furthermore, T; and inflow can have an
effect on T calculation, as described previously [22].

With Cq-pyruvate and lactate exhibiting >~1 s short and long components, this may indicate
relatively free rotation and diffusion within both vasculature and kidneys, leading to shorter
rotational correlation times and longer T, values. The presence of monocarboxylate
transporters (MCTSs) in red blood cells indicate each compound can be transported into and
out of the cells [55-57] and would subsequently not be hindered in free movement about the
vasculature or within different kidney compartments [58]. Furthermore, paramagnetic effects
arising from certain oxidation states of hemoglobin may also have a significant relaxation
effect on molecules that are transported into RBCs. The longer T, values within the renal
pelvis compared to the renal cortex and medulla can potentially be attributed to the presence
of glomerular filtrate, which is free from red blood cells [22], leading to a longer solution-
like T,. There is lower lactate dehydrogenase (LDH) activity in both renal pelvis and
vasculature as well [59], leading to less metabolic conversion to shorter T, compounds, and
a higher calculated T». This reasoning can also be applied to explain the differences in T,
between each of the compounds, with lactate less readily back-converted to pyruvate via
LDH and thus having the longest measured To, while conversely C,-pyruvate is more readily
converted to either C,-lactate or other compounds in the citric acid cycle, which leads to a
shorter measured T, due to the contributions of these shorter T, compounds, with Cy-
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pyruvate being somewhere in the middle. Furthermore, C,-pyruvate has a much shorter
initial relaxation time because of the dipolar relaxation term since a proton is one bond
closer to the 13C of the compound compared to C-pyruvate and lactate. This point was
corroborated by performing a T, measurement on hyperpolarized aqueous Cq- and Co-
pyruvate via a CPMG sequence with a TR of 10 ms. The measured T, of Co-pyruvate (21
+ 2.9 s) was ~84% of Cq-pyruvate (25 £+ 0.7 s), indicating the effect of dipolar relaxation.
The role of dipolar and chemical shift anisotropy relaxation, as well as potential
paramagnetic relaxation [54] in the vicinity of hemoglobin, needs to be studied further to get
a full understanding of the in vivo T, distribution, specifically the relaxation properties of
each compound, such as, for example, the enhanced role of the dipolar relaxation in the
conversion of C,-pyruvate to Co-lactate, as well as the potential differences when the
compounds are intracellular versus extracellular. Further progress in the development of
long-lived hyperpolarized 13C probes, such as the chemical design of the probes and
extension of hyperpolarized lifetimes, can help identify the relaxation mechanisms
governing a compound’s in vivo T1 and T, [60,61].

The 3D high resolution imaging of the rat kidney agreed with the T, mapping, with the
highest SNR being within the vasculature and renal pelvis, and lactate having the highest
SNR and C,-pyruvate having the lowest. Additionally, SNR was sufficient at 1.5 mm
isotropic resolution from the heart to visualize uptake of lactate and pyruvate. Within the
kidney, the biodistribution of each compound correlated with previous metabolic studies,
with an infusion of either pyruvate or lactate resulting in stronger signal from the cortex and
renal pelvis compared to the medulla [58,62]. In normal kidney function, especially after
infusion, both lactate and pyruvate are readily metabolized, with reduction of pyruvate to
lactate and oxidation of lactate to pyruvate, as well as conversion of lactate to glucose via
gluconeogenesis and conversion to amino acids. Lactate and pyruvate can also be reabsorbed
by the proximal tubule. These processes occur primarily in the cortex, correlating with the
uptake and biodistribution seen in the 3D imaging.

Compared to the rat kidneys, the T, distribution and subsequent 3D imaging of the TRAMP
tumors was more varied in terms of uptake and biodistribution, a consequence of tumor
heterogeneity [63]. The relaxation mechanisms previously discussed can also be applied
within the tumor environment, including the role of metabolism, since LDH activity is
relatively much higher within tumors compared to normal tissue, and vascularity, with the
presence of leaky blood vessels allowing for relatively free rotation and shorter rotational
correlation times [29,51]. Exchange between intracellular and extracellular pools within the
tumor can cause T shortening, potentially due to short T, components coming from the
intracellular pool [64]. While C,-pyruvate clearly had the shortest mean T, value, the other
three compounds all had similar T, values, and all four compounds had moderate
intratumoral standard deviations, potentially indicating some spatial heterogeneity within the
TRAMP tumors, which was similarly seen with injected [1-13C]pyruvate in an earlier study
[65]. This can be attributed to the presence of microenvironments and several competing
mechanisms that affect the infused compounds, such as MCT and LDH activity, lactate
shuttling, reverse Warburg effect, and tumor hypoxia [40,66,67]. These effects also extend to
the 3D dynamic imaging, whereby the spatial biodistribution of the compounds, and
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consequent signal decay, can be attributed to the different mechanisms governing
metabolism and perfusion within the tumor.

The use of Co-pyruvate in this study is potentially useful for looking at tumor metabolism
with the bSSFP sequence without sacrificing the SNR and spatial resolution advantages.
Previously, Co-pyruvate has been extensively used to study the Krebs cycle, especially
within the context of cardiac metabolism [9,68,69]. While the C4-pyruvate T, mapping and
3D imaging in this study include significant contributions from its metabolites lactate,
alanine, and pyruvate-hydrate due to the close resonances of all these compounds at 3 Tesla
(not an issue after injection of [1-13C]lactate due to much smaller metabolic conversion
[41]), the C, labeled versions of these metabolites arising from the metabolic conversion of
C,-pyruvate resonate 100+ ppm away from C,-pyruvate [70]. Therefore, with the 1.6 ms
sinc RF pulse (excitation bandwidth of 2500 Hz) used in this study, the signal arising from
any C,-metabolites are negligible compared to the Co-pyruvate, and the resulting images (in
the case of rat kidney) and signal decay (in the case of TRAMP tumors) reflect more
accurately the effects on C,-pyruvate in the specific microenvironment.

In general, single metabolite imaging of hyperpolarized 13C compounds can provide a high
resolution view of the biodistribution and uptake of said compounds in a very fast and
efficient manner. When dealing with a single frequency system, as is the case for Co-
pyruvate, [13C,15N,]urea, and C;-lactate in this study, pulse design becomes much easier
and much shorter TRs are achievable, allowing for high resolution imaging, as was
demonstrated in this study. Urea, as a metabolically-inactive compound, can provide
perfusion information and thus has a direct application as a single injected hyperpolarized
compound. However, metabolically active compounds, such as Co-pyruvate and Cq-lactate,
can provide additional information due to their cellular uptake and metabolism. The utility in
imaging these single metabolites after injection may be similar to the information obtained
from positron emission tomography (PET) imaging, such as standard uptake values or fitting
the dynamics to a pharmokinetic model. Compared to PET, hyperpolarized 13C imaging can
be much faster and without radiation exposure, while still reporting on uptake of
metabolically active compounds [2]. In addition, hyperpolarized 13C has advantages over
other perfusion MRI techniques, such as gadolinium-based approaches and arterial spin
labeling, including signal to tracer concentration proportionality, high SNR and CNR, no
gadolinium toxicity issues, and the capability of simultaneously injecting multiple probes
[35,37,71].

Imaging of C4-pyruvate and/or the resulting C; metabolites with the bSSFP sequence would
necessitate either the use of suppression pulses, which can be challenging with such close
resonances at 3 Tesla, or long excitation/refocusing pulses, which would offset some of the
advantages of the bSSFP sequence. Recently, C1-pyruvate and produced C;-lactate were
imaged on a 14T system using a specially designed multiband spectrally selective pulse and
an appropriate choice of TR [72]. This approach could, in principle, be applied on a 3T
clinical scanner, although trade-offs would need to be made between spatial and temporal
resolution.
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The ability to obtain 3D 1.5 mm isotropic images for 13C can be very advantageous for
assessment of disease within specific organs, especially at the clinically relevant field
strength of 3 Tesla. Current acceptable parameters for proton imaging of prostate cancer
features slice thicknesses of ~3 mm and in-plane resolution of <2 mm for various
acquisitions, such as dynamic contrast enhanced MRI [73-75]. Furthermore, 3D isotropic
imaging is most desirable due to the ability to limit patient scanning, while simultaneously
acquiring all the desired information in all three planes [76]. Recently, work by Nielsen et al.
[77] and Bertelsen et al. [78] demonstrated 1.25 mm isotropic resolution imaging of
[13C,15N,]Jurea with a 3D bSSFP sequence in rat kidneys on a 9.4T preclinical scanner with
higher performance gradients enabling shorter achievable TRs. This allowed high spatial
resolutions to be achieved. By comparison, our initial rat kidney results featured slightly
lower 1.5 mm isotropic resolution, but utilized clinical gradient strengths and shorter T,
compounds. Nevertheless, both sets of results demonstrate the feasibility of obtaining
approximately 1 mm isotropic resolution for hyperpolarized 13C compounds, especially on
3T clinical scanners, as was recently demonstrated in [45]. Recent work on [13C,1°Ny]urea
imaging on pigs at 3T [79] shows feasibility of imaging larger animals, although at a
considerably coarser spatial resolution.

The sequence presented here could potentially be further optimized for improved dynamic
imaging by employing both newer undersampling reconstruction strategies, such as a
wavelet along time or low rank plus sparse approach [8,80]. A variable flip angle scheme
can be implemented for each desired metabolite using a non-convex optimization approach
that would increase SNR, reduce image blurring, and improve off-resonance insensitivity for
single time-point images, or maximize SNR for high resolution dynamic imaging [81]. The
bSSFP sequence and these specific acquisition and reconstruction approaches can also be
readily combined with parallel imaging [82,83], which may be required as the translation
from preclinical to clinical imaging will require larger matrix sizes for the same desired
isotropic resolution.

5. Conclusion

In this study we performed high resolution HP 13C imaging using the bSSFP sequence. T
mapping was performed on rat kidneys and vasculature, as well as tumor-bearing mice,
using [1-13C]pyruvate, [1-13C]lactate, [2-13C]pyruvate, and [13C,15N,]urea. We tailored the
bSSFP acquisition to the measured T5’s to obtain 1.5 mm isotropic single time-point images
of biodistribution within rat kidneys and vasculature in only ~4 s. Using 2-fold compressed
sensing acceleration, we extended the high resolution single-time-point imaging framework
to dynamic imaging without having to sacrifice spatial resolution, enabling us to obtain
biodistribution data at 1.5 mm isotropic resolution every 2 s. The HP 13C methods presented
here can be utilized for high resolution dynamic imaging of metabolism, biodistribution, and
perfusion.
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Figure 1.
Example of T, mapping acquisition and associated exponential decay with lactate. a: Full

dynamic set of rat kidney images over the course of a T, mapping acquisition. A single pixel

was chosen within the kidney that demonstrated a bilinear slope on the semilog plot on the
left, which resulted in a biexponential decay, which can be seen in the plot on the right. b:
Full dynamic set of mouse tumor images over the course of a T, mapping acquisition. A
single pixel was chosen within the tumor that demonstrated a linear slope on the semilog
plot on the left, which resulted in a monoexponential decay, as shown in the plot on the
right.
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Figure 2.
Compressed sensing undersampling and retrospective simulations. a: A depiction of the

variable-density pattern designed for dynamic imaging with compressed sensing. The
pattern was designed using a Monte-Carlo simulation, as described previously in [50], such
that only 50% of the phase encodes were acquired, and the center of k-space was fully
sampled. b: A single slice comparison from a full 3D retrospective simulation of lactate in a
TRAMP mouse with 50% undersampling. The reconstructed image agrees well with the
original image as shown in the 5-fold amplified difference image, as well as having a SSIM
of 0.9255 and a RMSE of 7.00%. The images have been zero-filled from 26 x 20 (matrix
size in pattern shown in part a) to 256 x 256 for display purposes.
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Figure 3.
T, mapping of normal rat kidneys and vasculature after injection of lactate, C1-pyruvate, and

C,-pyruvate. a: The mean T, values (logarithmic mean of long and short components [45])
of each compound indicate lactate having the longest T, values among the three compounds
with C,-pyruvate having the lowest values. Each compound does exhibit the same trend of a
T, decrease from the vasculature to the renal pelvis to the medulla, and ending with the
cortex. b: The long (>2 s) T, components for each compound. ¢: The short (<2 s) To
components for each compound. The T, maps of C1-pyruvate represent an aggregate T, of
signals Cq-pyruvate and associated metabolic products. The images are displayed at 1 x 1
mm? for lactate and Cq-pyruvate, and 2.5 x 2.5 mm? for C,-pyruvate.
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Figure 4.
Measured T, value maps from a transgenic prostate tumor overlaid on top of the H image

after injection of lactate (a), urea (b), C1-pyruvate (c), and C,-pyruvate (d). The tumor in
panel d is outlined in green. Mean R? value of the depicted pixels is also displayed, with
black pixels excluded from the calculation. The images are displayed at 1 x 1 mm? for urea,
lactate and C1-pyruvate, and 2 x 2 mm? for C,-pyruvate.
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Figure 5.
High resolution 3D 1.5 mm isotropic imaging of lactate, C1-pyruvate, and C,-pyruvate. a:

All 12 slices in a 3D lactate acquisition are shown here. Uptake of lactate can be seen within
the kidneys, vasculature, and the heart. b: A representative coronal and axial slice (B) from
the 3D lactate and Cq-pyruvate acquisitions are shown next to an anatomical H image. The
coronal and axial reformats (yellow line indicates axial slice position) show hyperintense
signal from the vasculature and renal pelvis. The lactate acquisition exhibited higher SNR
compared to the Cq-pyruvate. c: A representative coronal slice from a 3D Cy-pyruvate
acquisition overlaid atop the anatomical 1H image. The C,-pyruvate acquisition had
considerably less SNR compared to lactate or C1-pyruvate, but uptake within the vasculature
and kidneys is still visible. The images were zero-filled to 256 x 256 for display purposes.
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Figure 6.
3D images overlaid on 1H anatomical images of Cq-pyruvate in transgenic prostate tumor

(a) and breast cancer mouse (b). The blue ROIs indicate tumor region. Uptake of C-
pyruvate can be seen in vasculature, kidneys, and tumor, with resolution high enough to see
uptake in the renal cortex and renal pelvis, which is similar as rat kidney imaging. The
images were zero-filled from 32 x 24 (2 x 2 mm? in-plane resolution) to 256 x 256 for
display purposes.
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Dynamic imaging of a transgenic prostate tumor with C,-pyruvate, urea, and lactate. a—c:
First five time-points of a representative kidney and tumor slice from the 3D dynamic
imaging of Co-pyruvate (a), urea(b) and lactate (c) are shown here, with associated decay
curves for each slice. d and e: Carbon images within the tumor (and surrounding tissue) (d)
and kidneys (e) overlaid on the anatomic H image are also presented. The kidney slice has
strong uptake of all three compounds, while the tumor shows varied uptake, with a clear
distinction in decay curves between the healthy kidney tissue and diseased tumor tissue. The

images were zero-filled to 256 x 256 for display purposes.
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Table 1

Anatomical Distribution of Mean T, within Rat Kidney and Vasculature

Lactate

C;-Pyruvate

C,-Pyruvate

Renal Pelvis ~ 2.21+0.39 s
Medulla 1.95+0.24 s
Renal Cortex  1.70+0.14 s
Vasculature 2.58+0.33 s
R2 0.938

1.36+£0.09 s
1.26+0.17 s
1.16+0.14 s
1.38+0.08 s
0.943

0.73+0.07 s

0.75+0.19 s
0.877

Page 24

The mean T2 values (mean and standard deviation of all three rats) and associated standard deviations within different regions of the rat kidney and
vasculature for all three compounds are presented here and demonstrate the longest T2 values exist in the vasculature, while within the kidney there

is a decrease from the renal pelvis to the medulla to the renal cortex, with all components long enough to exploit in 3D imaging. The resolution of

the C2-pyruvate T2 mapping was not high enough to distinguish the different regions of the kidneys. Mean R2 values of depicted pixels in Figure 3
are presented here, with black pixels excluded from calculation.
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Table 2

Anatomical Distribution of SNR within Rat Kidney and Vasculature

Lactate C;-Pyruvate  C,-Pyruvate

Renal Pelvis ~ 56.7+9.1  31.3+15.9

Medulla 28.8+6.1 15.7+6.1 10.2+5.2
Renal Cortex  53.1+14.4  25.4+8.3

Vasculature 129+19.8  96.5+14.9 34.5+17.8

The mean SNR values and associated standard deviation within different regions of the rat kidney and vasculature for all three compounds are
presented here. The highest SNR values were seen in the vasculature, while within the kidney there is a decrease from the renal pelvis to the renal
cortex to the medulla. The SNR was high enough, however, to distinguish these regions for lactate and C1-pyruvate, and visualize overall kidney

biodistribution for C2-pyruvate.
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