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Abstract

BACKGROUND: Optimal treatment selection for localized renal tumors is challenging because
of their variable biologic behavior and limitations in the preoperative assessment of tumor
aggressiveness. The authors investigated the emerging hyperpolarized (HP) 13C magnetic
resonance imaging (MRI) technique to noninvasively assess tumor lactate production, which is
strongly associated with tumor aggressiveness.

METHODS: Eleven patients with renal tumors underwent HP 13C pyruvate MRI before surgical
resection. Tumor 13C pyruvate and 13C lactate images were acquired dynamically. Five patients
underwent 2 scans on the same day to assess the intrapatient reproducibility of HP 13C pyruvate
MRI. Tumor metabolic data were compared with histopathology findings.

RESULTS: Eight patients had tumors with a sufficient metabolite signal-to-noise ratio for
analysis; an insufficient tumor signal-to-noise ratio was noted in 2 patients, likely caused by poor
tumor perfusion and, in 1 patient, because of technical errors. Of the 8 patients, 3 had high-grade
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clear cell renal cell carcinoma (ccRCC), 3 had low-grade ccRCC, and 2 had chromophobe RCC.
There was a trend toward a higher lactate-to-pyruvate ratio in high-grade ccRCCs compared with
low-grade ccRCCs. Both chromophobe RCCs had relatively high lactate-to-pyruvate ratios. Good
reproducibility was noted across the 5 patients who underwent 2 HP 13C pyruvate MRI scans on
the same day.

CONCLUSIONS: The current results demonstrate the feasibility of HP 13C pyruvate MRI for
investigating the metabolic phenotype of localized renal tumors. The initial data indicate good
reproducibility of metabolite measurements. In addition, the metabolic data indicate a trend toward
differentiating low-grade and high-grade ccRCCs, the most common subtype of renal cancer.

LAY SUMMARY:

. Renal tumors are frequently discovered incidentally because of the increased use of
medical imaging, but it is challenging to identify which aggressive tumors should be
treated.

. A new metabolic imaging technique was applied to noninvasively predict renal tumor

aggressiveness.

. The imaging results were compared with tumor samples taken during surgery and
showed a trend toward differentiating between low-grade and high-grade clear cell
renal cell carcinomas, which are the most common type of renal cancers.

Keywords

hyperpolarized 13C; lactate; magnetic resonance imaging; molecular; pyruvate; renal cell
carcinoma

INTRODUCTION

The increased use of medical imaging has led to a significant increase in the incidental
detection of localized renal tumors.12 Most of these are localized renal cell carcinomas
(RCCs), which can vary widely in their biologic aggressiveness.13 As such, the management
options have evolved over time and now range from active surveillance to radical
nephrectomy.? However, conventional imaging with computed tomography (CT) and
magnetic resonance imaging (MRI)—the cornerstones of renal tumor characterization—
cannot reliably differentiate low-grade, indolent RCCs, which are often amenable to

active surveillance, from high-grade, aggressive RCCs, which may require timely surgery.
In addition, many incidentally detected benign renal tumors, such as oncocytomas and
lipid-poor angiomyolipomas, cannot be reliably differentiated from RCCs by conventional
imaging. Renal tumor biopsy is invasive and also has several limitations: up to 20%

of biopsies are nondiagnostic,>6 and there is frequent under-grading of RCC,”:8 which

is problematic for selecting between active surveillance versus definitive treatment. This
diagnostic ambiguity has resulted in many benign tumors and indolent RCCs being treated
with potentially unnecessary surgery, with attendant surgical risks, high cost, and increased
risk of chronic kidney and cardiovascular disease.10 Notably, increased RCC detection and
treatment have not translated into a decrease in cancer-specific mortality.1:2 For example,
since the advent of cross-sectional imaging, the incidence of RCC has more than doubled
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in the United States, and increased CT imaging has been associated with a higher incidence
of nephrectomy,? yet the incidence of metastatic disease from RCC and its mortality

have remained the same.2 This suggests the overdiagnosis and overtreatment of indolent
tumors.12 Therefore, there is an unmet clinical need for additional noninvasive methods

to improve the diagnosis and risk stratification of localized renal tumors to guide patient
management.

RCC is known as a metabolic disease because of an array of metabolic perturbations from
genetic alterations that drive these tumors.1! In particular, the up-regulation of aerobic
glycolysis with lactate production (the Warburg effect) is an adaptation of aggressive

RCC that aids in survival, growth, and metastasis'2-14 and is a potential therapeutic
target.1315 The lactate dehydrogenase A (LDHA) gene encodes the enzyme that catalyzes
the conversion of pyruvate to lactate. Multiple studies of RCC tissues have demonstrated
that tumor LDHA expression correlates with tumor grade and clinical stage, and high tumor
LDHA expression is a strong independent predictor of tumor progression and poor patient
survival.16-18 Immunohistochemical staining of tumor tissues has also revealed significantly
higher protein expression of LDHA in RCCs compared with that in benign renal tumors
such as oncocytomas.19 High expression of monocarboxylate transporter 4 (MCT4), a
lactate exporter essential for maintaining high levels of glycolysis and lactate production,20
is associated with more aggressive RCC.21-23 An overexpression of MCT1, which mediates
pyruvate transport into the cells for subsequent metabolism into lactate, has also been
associated with a poor prognosis in patients with clear cell RCC.23 These studies provide
the rationale for metabolic imaging of lactate production as a noninvasive means to provide
information on renal tumor aggressiveness.

Hyperpolarized (HP) 13C MRI is an emerging molecular imaging method that allows for
the rapid, noninvasive, pathway-specific interrogation of dynamic metabolic processes that
were previously inaccessible by imaging. Hyperpolarization, achieved through the dynamic
nuclear polarization technique,?* provides unprecedented gains in sensitivity (>10,000-fold
signal increase) for imaging 13C-enriched biomolecules that are endogenous, nontoxic,

and nonradioactive. 13C pyruvate, an endogenous molecule, is the most widely studied

HP probe to date given its position at a critical branch point of multiple pathways,

including glycolysis, the tricarboxylic acid cycle, and amino acid biosynthesis. Multiple
preclinical studies have shown the ability of HP 13C pyruvate MRI to monitor the increased
pyruvate-to-lactate conversion that occurs with aggressive cancers2>26 and to provide a
rapid assessment of treatment response.2”-28 A schematic of HP 13C pyruvate MRI for
interrogating tumor pyruvate-to-lactate conversion mediated by the relevant transporters and
enzyme is provided in Figure 1. Importantly, it has been demonstrated multiple initial human
studies that HP 13C pyruvate MRI is safe and feasible, including studies in prostate, brain,
and breast cancers.29-33

In the current study, we applied HP 13C pyruvate MRI for investigating the metabolic
phenotype of localized renal tumors in patients. We demonstrate the feasibility of this
technique, acquiring dynamic images of pyruvate and lactate in renal tumors with sufficient
resolution and signal-to-noise ratio (SNR), as well as the reproducibility of the normalized
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tumor 13C pyruvate and 13C lactate signals. Our initial data also indicate a trend toward an
increasing HP 13C lactate-to-pyruvate ratio from low-grade to high-grade clear cell RCC.

MATERIALS AND METHODS

Patient Recruitment

Institutional Review Board approval was obtained for this prospective study
(Clinicaltrials.gov identifier: NCT04258462). Between January 2019 and August 2020,
11 patients with localized renal tumors =2 cm in greatest dimension who were already
scheduled for surgical resection were recruited. All HP 13C pyruvate MRI studies were
acquired within 8 weeks of surgical resection.

Preparation and Injection of 13C Pyruvate

An Investigational New Drug approval (IND 140751) was obtained from the US Food

and Drug Administration for the injection of HP 13C pyruvate and MRI in patients with
renal tumors. A 1.47-gram dose of Good Manufacturing Practices [1-13C]pyruvate (ISOTEC
Stable Isotope Division; Millipore-Sigma, Merck KGaA, Miamisburg, Ohio) mixed with

15 mM electron paramagnetic agent (EPA) (AH111501; GE Healthcare, Oslo, Norway)

was polarized using a 5-T SPINIlab polarizer (GE Research, Niskayuna, New York) before
being rapidly dissolved with 130 °C water and passed through a filter that removed the

EPA. The solution was then collected in a receiver vessel and neutralized with sodium
hydroxide and Tris(hydroxymethyl) aminomethane buffer. The receive assembly, which
accommodates quality-control processes, provided rapid measurements of pH, pyruvate,
and EPA concentrations, polarization, and temperature. In parallel, the HP 13C pyruvate
solution was drawn into a syringe (Medrad Inc, Warrendale, Pennsylvania) through a 0.2-um
sterile filter (ZenPure, Manassas, Virginia) and transported into the scanner for injection.
The integrity of this filter was tested in accordance with manufacturer specifications before
injection. A 0.43-mL/kg dose of approximately 250 mM HP 13C pyruvate was injected at

a rate of 5 mL per second through an intravenous catheter placed in the antecubital vein,
followed by a 20-mL saline flush. Five patients received 2 injections, from 20 to 60 minutes
apart, on the same day to assess intrapatient reproducibility of HP 13C pyruvate MRI.

HP 13C Pyruvate MRI

13C pyruvate and 13C lactate images through the kidney and tumor were acquired
dynamically using a metabolite-specific imaging sequence comprised of spectral-spatial
excitation and multislice, 2-dimensional, spiral gradient echo (GRE) readouts,34 with a
Helmbholz pair c/am-shell transmit coil around the torso and an 8-channel receive array
consisting of 2 paddles placed posterior to the kidneys.3® For 4 patients, a metabolite-
specific, balanced steady-state free precession (MS-bSSFP) sequence, which has been
shown to provide approximately 2.5-fold increases in metabolite signal 3¢ was used to
acquire 13C lactate images. 13C alanine images were also acquired in 6 patients. Scan
parameters were 1.5 cm in-plane resolution, 4-second temporal resolution, 21-mm slice
thickness, a 20-degree flip angle for pyruvate, and a 30-degree flip angle for lactate and
alanine. 13C dynamic metabolite imaging acquisitions were triggered to automatically
start 6 seconds after bolus arrival in the kidneys; this was achieved using a specialized,
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autonomous scanning protocol implemented on the RT-Hawk platform (HeartVista Inc, Los
Altos, California) that also included real-time frequency and B1+ calibrations.34

Image Reconstruction and Data Analysis

For all studies, gridding of k-space data for image reconstruction was performed using

the Kaiser-Bessel gridding method37 (http://web.stanford.edu/class/ee369c/mfiles/gridkb.m
[accessed March 24, 2021]) with an oversampling factor of 1.4 and a kernel width of 4.5.
The gridded k-space data were then inverse Fourier transformed to the reconstructed image.
Multichannel data were combined by using pyruvate signals to approximate coil sensitivity
maps.38 Images were zero-filled by a factor of 2, and a 2-dimensional Fermi filter was
applied to reduce ringing artifacts. Area under the curve (AUC) images were calculated by
summing the complex data through time. The SNR was calculated as the signal magnitude
divided by the standard deviation of the real part of the noise.

Tumor AUC values were normalized to mean AUC values of the adjacent normal kidney
parenchyma for each metabolite (ie, pyruvate, lactate, and alanine). The lactate-to-pyruvate
ratio and the alanine-to-pyruvate ratio were calculated using the normalized AUC signals.
To mitigate the variability of RF power and receiver coil sensitivities across slices, region of
interests of the tumor and normal kidneys were selected from the same or adjacent slices.

Histology

Renal tumor histology and subtypes as well as tumor grade were determined according to
standard-of-care clinical practice after surgery. The Fuhrman nuclear grading system was
used clinically for grading clear cell and papillary RCCs. Fuhrman grade was assigned based
on the highest grade present within the tumor. Grades 1 and 2 were classified as low grade,
and Fuhrman grades 3 and 4 were classified as high grade. Fuhrman grading is not used

for chromophobe RCCs. Chromophobe RCCs were classified as high grade if they showed
angiolymphatic invasion, microscopic necrosis, or sarcomatoid differentiation.

RESULTS

HP 13C pyruvate MRI was successfully acquired in 10 of the 11 patients. The 1 unsuccessful
case was because of technical errors. Two additional patients were excluded from further
analysis because the tumors had an insufficient SNR, which we suspected was caused by
poor perfusion (see Supporting Fig. 1). The final data set consisted of 8 patients, and the
demographics of these patients are listed in Table 1. No adverse effects were observed when
the patients were monitored during the injection and for 30 minutes after the injection of HP
13C pyruvate.

The time from the start of injection to bolus arrival in the kidneys ranged from 15 to 28
seconds (see Supporting Fig. 2). The SNR summed over all time points in the tumors ranged
from 19.0 to 211.0 (mean, 75.0) for pyruvate, 6.5 to 24.0 (mean, 13.0) for lactate, and 2.3

to 9.2 (mean, 4.2) for alanine when acquired using the GRE sequence (Table 2). The tumor
SNR ranged from 9.4 to 59.0 (mean, 32.0) for lactate acquired with the MS-bSSFP sequence
(Table 2). Real-time measured frequency offsets ranged from —20 to 30 hertz, and real-time
measured power offsets ranged from —55% to 6% (see Supporting Fig. 3).
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Table 3 lists the mean tumor pyruvate and lactate signals normalized to those of adjacent
normal kidney parenchyma in the 5 patients who had 2 HP 13C pyruvate MRI acquisitions
on the same day. In 3 of these 5 patients, 13C lactate imaging was acquired using both

the GRE and MS-bSSFP sequences. Normalization of tumor signal to that of the normal
adjacent renal parenchyma enables a comparison of the lactate signal between the 2
acquisitions with different MRI sequences. The difference in tumor signal between the 2
HP 13C pyruvate MRI acquisitions was calculated as the absolute difference between 2
acquisitions divided by the mean of the 2 acquisitions (acquired with the GRE sequence
and/or the MS-bSSFP sequence). Across these 5 patients, there was a mean difference of
8.6% and 3.2% between the first and second acquisition for the normalized tumor pyruvate
and lactate signals, respectively (Table 3).

Tumor histopathology results are provided in Table 1. There were 6 clear cell RCCs and 2
chromophobe RCCs. Of the 6 clear cell RCCs, 3 were low-grade (Fuhrman grade 2) tumors,
and 3 were high-grade (Fuhrman grade 3 or 4) tumors. Supporting Table 1 provides the
estimated percentage within each tumor along with the respective Fuhrman grade as well

as the overall Fuhrman grade for the clear cell RCCs. One of the 2 chromophobe RCCs
showed microscopic necrosis, a histopathology feature associated with tumor aggressiveness
and a poor clinical outcome.39 Figure 2 shows representative AUC and dynamic images of
13C pyruvate, 13C lactate, and 13C alanine for a high-grade clear cell RCC and demonstrates
the visualization of metabolites across multiple slices and dynamic time points. Figures 3,

4, and 5 show the AUC images of 13C pyruvate, 13C lactate, and 13C lactate-to-pyruvate
ratios for high-grade clear cell RCCs, low-grade clear cell RCCs, and chromophobe RCCs,
respectively, across the 8 patients. For each tumor, the mean and maximum tumor 13C
lactate-to-pyruvate ratios are summarized in Figure 6. The 3 high-grade clear cell RCCs
have a variable pyruvate signal and an increased lactate signal compared with adjacent
normal kidney parenchyma (Fig. 3). The 3 low-grade clear cell RCCs have a high pyruvate
signal and a variable lactate signal compared with adjacent normal kidney parenchyma

(Fig. 4). There is a trend toward higher pyruvate-to-lactate ratios in high-grade (grade 3

and 4) clear cell RCCs compared with low-grade (grade 2) clear cell RCCs (Fig. 6). The

2 chromophobe RCCs showed relatively isointense pyruvate signal and increased lactate
signal compared with adjacent normal kidney parenchyma (Fig. 5). Both chromophobe
RCCs had relatively high mean tumor lactate-to-pyruvate ratios, and the chromophobe RCC
with microscopic necrosis (patient 3) had the highest lactate-to-pyruvate ratio (Fig. 6).
Supporting Figure 4 shows extended field of views AUC images of both kidneys at the

level of the tumors. The mean tumor alanine-to-pyruvate ratio was available in 6 of the 8
tumors (see Supporting Table 2); no clear trend in the alanine-to-pyruvate ratio was observed
between the different tumor histologies and grades.

DISCUSSION

This study demonstrates the feasibility of HP 13C pyruvate MRI for investigating renal
tumor metabolism. Our data demonstrate a trend toward higher pyruvate-to-lactate ratios in
high-grade clear cell RCCs compared with low-grade clear cell RCCs. Clear cell RCC is
the most common RCC subtype, accounting for approximately 70% of all RCCs. Although
clear cell RCCs are generally considered a more aggressive subtype, studies have indicated
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that approximately 60% of T1a (tumor <4 cm) clear cell RCCs are low-grade tumors that do
not grow or evolve quickly into high-grade, aggressive tumors, and these can safely undergo
initial active surveillance rather than resection.340 Therefore, a reliable, noninvasive way

to grade these tumors would be desirable. Proteomic and metabolomic analyses of human
clear cell RCC have demonstrated that lactate increases in a grade-dependent manner.14 Our
HP MRI data are in agreement with those prior analyses of ex vivo tissues and suggest that
tumor metabolic phenotype observed by this imaging method has the potential to provide
information on tumor grade to guide the selection of active surveillance for these tumors.

We observed that both chromophobe RCCs had relatively high mean tumor lactate-to-
pyruvate ratios. Chromophobe RCC represents the third most common RCC subtype

(5%). Chromophobe RCCs have unusual histopathology features with irregular nuclei, and
Fuhrman grading is not used in their evaluation and is not thought to be predictive of
clinical outcome.*! Instead, histopathology features, including sarcomatoid change, tumor
necrosis, and pathologic tumor stage, have been identified as independent predictors of
aggressive chromophobe RCC.%42 Although a large majority of chromophobe RCCs have a
favorable prognosis, a distinct subset of these patients with such adverse pathology features
have aggressive tumors that progress to metastatic disease.3943 In our current study, 1
patient had a chromophobe RCC that exhibited histologic tumor necrosis, and it has been
hypothesized that such tumor necrosis is caused by hypoxia from rapidly proliferating tumor
out-growing the blood supply.3® This patient had a high level of tumor lactate, which may
be explained in part by the presence of tumor necrosis. Future studies with a larger number
of chromophobe RCCs are needed to investigate their pyruvate metabolism with respect to
pathologic features and to compare them with other subtypes of RCCs.

Although the lactate-to-pyruvate ratio is the most commonly used in HP 13C pyruvate MRI
studies to represent tumor metabolism, it can have potential confounders. For example,
some renal tumors are highly vascular, and it is possible that a fraction of the pyruvate
remains within the intravascular space rather than in the extravascular space, where it is
accessible for cellular uptake and metabolism. Therefore, the lactate-to-pyruvate ratio can
underestimate true tumor metabolism. In addition, for tumors with different vascularity,
the differences in the vascular pyruvate signal may potentially influence the comparison

of tumor metabolism when using the lactate-to-pyruvate ratio. Nonetheless, our initial data
indicate a trend toward a higher pyruvate-to-lactate ratio in high-grade clear cell RCCs
compared with low-grade clear cell RCCs, which is in agreement with prior tissue analyses.
Given the commonly seen intratumoral heterogeneity in RCCs,*# future studies are needed
to investigate whether the mean or the maximum tumor lactate-to-pyruvate ratio is more
predictive of tumor grade.

In our study, a sufficient metabolite SNR was obtained in both AUC and dynamic images
for pyruvate and lactate at a resolution of 1.5 x 1.5 x 2.1 cm. Use of the metabolite-specific
bSSFP sequence3 enabled a 2.3-fold SNR improvement in lactate compared with the GRE
sequence. The bSSFP sequence may be applied in future studies to other lower signal
metabolites, such as alanine and bicarbonate, to improve their SNR. An optimal combination
of data from multichannel arrays has also been shown to improve the SNR.38 Another

way to further gain SNR is shortening the sample transfer time from polarizer to patient.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tang et al.

Page 8

Currently, 60 seconds is a typical delay time from dissolution to injection. If this number can
be reduced to 30 seconds,*® the SNR will be increased approximately by a factor of 1.9 for
HP 13C pyruvate studies, assuming a T1 (longitudinal relaxation time) of 47 seconds*® for
13C pyruvate at the earth’s field. These strategies of improving the SNR can enable higher
resolution imaging to minimize partial volume averaging between tumor and normal kidney
parenchyma, which would be particularly beneficial for small renal tumors, as well as to
improve the assessment of intratumoral heterogeneity that occurs commonly in RCCs.44

Because of the relatively short window available for HP 13C pyruvate magnetic resonance
(MR) scanning (approximately 1 minute) and irreversible signal decay, the scan needs to be
fast, precise, and make efficient use of the available magnetization. Furthermore, calibrations
of the BO and B1/RF fields for 13C MRI are extremely challenging because of the low
natural abundance of endogenous 13C in vivo. Studies have shown that inaccuracies in the
timing and calibrations under typical clinical imaging setups and physiologic variations

can lead to >50% error in the quantification of pyruvate metabolism.*”48 Therefore, in

the current study, we used a prototype autonomous scanning system34 to perform localized
measurements of the bolus timing and the B0 and B1+fields in real-time after HP 13C
pyruvate injection and to feedback this information into the scanning to enable metabolic
imaging with reproducible timings and accurate field calibrations. This is expected to lead to
more robust and reproducible metabolism quantifications.

Indeed, our initial data suggest relatively good reproducibility of HP 13C pyruvate MRI

in kidney tumors, with a mean difference of 8.6% and 3.2% between the first and

second acquisition for the normalized tumor pyruvate and lactate signals, respectively.

This reproducibility is comparable to standard uptake value measurements in oncologic
fluorodeoxyglucose-positron emission tomography (FDG-PET) studies, which have an
approximately 10% within-subject coefficient of variation.*® In our study, the tumor 13C
signals were normalized to mean signals in the adjacent normal kidney tissue, and this
normalization accounted for different polarization levels of the injected 13C-pyruvate as well
as MRI acquisition differences between the GRE and MS-bSSFP sequences. The variation
in the acquisition was minimized by using the prototype autonomous scanning system with
real-time calibrations, with the remaining variation expected to be caused by physiologic
differences and/or inherent noise in the MRI acquisition. A study of patients with prostate
cancer who underwent 2 HP 13C pyruvate MRI scans on the same day also suggested
relatively good reproducibility of the technique.33 Future studies with larger patient cohorts
are needed to fully evaluate the reproducibility of HP 13C pyruvate MRI. Such information
is critical for longitudinal investigation of tumor metabolism in the setting of both tumor
surveillance and treatment response monitoring.

In a case report of a single patient who had clear cell RCC imaged with HP 13C

pyruvate MRI, Tran et al demonstrated that the technique can depict intratumoral metabolic
heterogeneity.? The chemical shift imaging sequence used in that study allowed single-slice
imaging with limited temporal resolution (every 20 seconds). In our study, the image
acquisition methods used enabled rapid multislice and dynamic metabolic assessment of

the tumor at a temporal resolution of 4 seconds, and tumors showed sufficient SNR

over multiple dynamic time points. We observed both spatial and temporal metabolic
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heterogeneity, especially in larger tumors in our series. Although we present the metabolic
data as the sum of the signal over time (AUC) in this report, such dynamic data may be
modeled to provide further information on renal tumor metabolism that could be clinically
useful. The ability to noninvasively observe tumor metabolic heterogeneity may also help
guide renal tumor biopsy and improve the accuracy of grading, which is currently limited
with biopsy.”8

HP 13C pyruvate MRI was previously shown to be safe in multiple initial human
studies.2%-33 Similarly, we did not observe any adverse events in our patients. In the context
of renal tumors, HP 13C pyruvate MRI has particular advantages over conventional 1H MR
spectroscopy. Because of the intratumoral lipid frequently present in RCCs, in particular
clear cell RCCs, H MR spectroscopy for lactate detection is challenging because of

the overlapping lactate and lipid peaks. It also does not specifically detect metabolically
active lactate. In addition, IH MR spectroscopy requires long acquisition time. HP 13C
pyruvate MRI, by comparison, allows the assessment of relevant metabolites without
background signal, and the fast imaging techniques used in our study permit a dynamic
metabolic assessment of the lactate dehydrogenase-catalyzed conversion to 13C lactate.

HP 13C pyruvate MRI can also be readily integrated into the current state-of-the-art MRI
examination using scanners with multinuclear capability, thus enabling multipara-metric
imaging. Although FDG-PET is used widely in oncology, it has had limited success in the
characterization of renal tumors, attributed in part to the low-to-moderate differential uptake
of FDG in renal tumors.®! Importantly, FDG-PET provides no information about glucose
metabolism beyond import and phosphorylation, and it cannot assess downstream glycolytic
metabolism. RCCs, especially those that are aggressive, have increased lactate production,
as previously discussed,16-18 and such a metabolic shift cannot be assessed using FDG-PET.

Our study has several limitations. First, the number of patients was small for this pilot study,
which was focused on establishing the feasibility of interrogating renal tumor metabolism
using HP 13C pyruvate MRI. Therefore, larger cohort studies are being planned to fully
investigate the utility of the technique for risk stratifying renal tumors. Second, the coil
profile inhomogeneity across different locations in the imaged volume can potentially

affect metabolism quantification. This effect is greatly reduced when using metabolite ratios
because all metabolites experience the same profile. To minimize this effect when examining
individual metabolites, we normalized tumor metabolism to adjacent normal kidney
parenchyma metabolism and also acquired B1+ maps to measure transmit inhomogeneity.
Because both the tumor and the adjacent normal kidney experience a similar coil profile
inhomogeneity, using their ratios is expected to minimize such an effect. Third, the imaging
resolution used in this first study may potentially lead to partial volume averaging for small
renal tumors. For future studies, voxel shifting can be performed to achieve the maximum
number of voxels that are entirely within the tumor. As discussed above, recent development
in acquisition and coil combination strategies has enabled improved resolution.36:38 Because
HP 13C MRI is rapidly improving, it is anticipated that a further improvement in resolution
can be achieved for future studies. Fourth, we do not have tissue data on relevant enzymes
and transporters involved in pyruvate metabolism, such as LDHA, MCT4, and MCT1, to
correlate with imaging findings in this initial feasibility study. Such correlative studies are
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planned for future studies to better understand the biologic underpinning of the HP 13C MRI
findings.

Conclusions

We have demonstrated the feasibility of HP 13C pyruvate MRI for interrogating renal

tumor metabolic phenotypes. Our initial data indicate that metabolite measurements have
relatively good reproducibility, which is important for both tumor surveillance and treatment
monitoring. In addition, the metabolic data in this pilot study indicate a trend toward
differentiating between low-grade and high-grade clear cell RCCs, the most common
subtype of renal cancer. The ability of this innovative metabolic imaging technology to
distinguish among renal tumors of various histologies and grades will need to be further
investigated in future studies to assess the full potential of HP 13C MRI for risk stratifying
renal tumors and for guiding patient clinical management.
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Figure 1.

This schematic illustrates the pyruvate-to-lactate metabolic pathway with relevant
transporter and enzyme in renal tumors and the information that hyperpolarized 13C
pyruvate magnetic resonance imaging provides. LDH indicates lactate dehydrogenase; MCT,
monocarboxylase transporter.
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Figure 2.
Representative hyperpolarized 13C pyruvate magnetic resonance images are shown from a

man aged 41 years who had 5.8-cm, grade 4 renal cell carcinoma. (A) Area under the curve
(AUC) and (B) dynamic images acquired every 4 seconds show a left kidney tumor with
increased pyruvate, lactate, and alanine signals compared with adjacent normal parenchyma.
The AUC images also show intratumoral metabolic heterogeneity. In the AUC images, the
signal-to-noise-ratios of the tumor are 119 for pyruvate, 18 for lactate, and 5.2 for alanine.
ROl indicates region of interest.
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Figure 3.
These are area under the curve (AUC) images from hyperpolarized 13C pyruvate magnetic

resonance imaging of patients with high-grade (grade 3 and grade 4) clear cell renal

cell carcinomas. Tumor AUC values were normalized to AUC values of the adjacent
normal parenchyma for each metabolite. Lactate-to-pyruvate ratios were calculated using
the normalized AUC signals. All images are displayed using the same color scale. ROI
indicates region of interest.
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Figure 4.
These are area under the curve (AUC) images from hyperpolarized 13C pyruvate magnetic

resonance imaging of patients with low-grade (grade 2) clear cell renal cell carcinomas.
Tumor AUC values were normalized to AUC values of the adjacent normal parenchyma
for each metabolite. Lactate-to-pyruvate ratios were calculated using the normalized AUC
signals. All images are displayed using the same color scale. ROl indicates region of
interest.
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Figure 5.
These area under the curve (AUC) images from hyperpolarized 13C pyruvate magnetic

resonance imaging of patients with chromophobe renal cell carcinomas. Tumor AUC values
were normalized to AUC values of the adjacent normal parenchyma for each metabolite.
Lactate-to-pyruvate ratios were calculated using the normalized AUC signals. All images are
displayed using the same color scale. ROl indicates region of interest.
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Figure 6.
The mean and maximum tumor lactate-to-pyruvate ratio is illustrated in 8 patients stratified

by tumor histology and grade. The lactate-to-pyruvate ratios are the ratios between the
normalized lactate area under the curve values and the normalized pyruvate area under

the curve values, Charts depict (A) the mean tumor lactate-to-pyruvate ratio (mean of the
lactate-to-pyruvate ratios when averaging all voxels for each tumor) and (B) the maximum
lactate-to-pyruvate ratio for each tumor. There is a trend toward higher pyruvate-to-lactate
ratio in high-grade (grade 3 and 4) clear cell renal cell carcinomas (ccRCCs) compared with
low-grade (grade 2) ccRCCs. Both chromophobe RCCs demonstrate relatively high mean
tumor lactate-to-pyruvate ratios; the chromophobe RCC with the highest lactate-to-pyruvate
ratio also had a pathologic finding of microscopic necrosis, which has been associated with
aggressive biology.
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