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Summary

Metabolic imaging using hyperpolarized magnetic resonance can increase the sensitivity of MR,
though its ability to inform on relevant changes to biochemistry in humans remains unclear. In this
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work, we image pyruvate metabolism in patients, assessing the reproducibility of delivery and
conversion in the setting of primary prostate cancer. We show that the time-to-max of pyruvate
does not vary significantly within patients undergoing two separate injections or across patients.
Furthermore, we show that lactate increases with Gleason grade. RNA sequencing data
demonstrate a significant increase in the predominant pyruvate uptake transporter,
monocarboxylate transporter 1. Increased protein expression was also observed in regions of high
lactate signal, implicating it as the driver of lactate signal /n vivo. Targeted DNA sequencing for
actionable mutations revealed the highest lactate occurred in patients with PTEN loss. This work
identifies a potential link between actionable genomic alterations and metabolic information
derived from hyperpolarized pyruvate MRI.

eTOC

Non-invasive tools are needed to reveal metabolic phenomena in humans. In this translational
study, Granlund and Tee utilize metabolic imaging to interrogate prostate cancer, finding a
mechanistic link between increased metabolism and tumor grade. Thus, real-time metabolic
imaging in humans can not only provide clinically relevant tools, but also uncover new biology.
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Introduction

Prostate cancer is the second most common cancer worldwide (Bray et al., 2018).
Widespread use of serum prostate-specific antigen (PSA) testing and transrectal ultrasound
(TRUS)-guided biopsies have raised concerns about over-diagnosis and overtreatment of
potentially indolent cancers, particularly given the trend toward earlier detection and more
favorable staging at the time of diagnosis (Han et al., 2001; Siegel et al., 2018). However,
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prostate cancer is biologically diverse, with some tumors behaving aggressively and
progressing rapidly; therefore, the decision of how to best manage prostate cancer patients is
complex. Risk stratification is further complicated by the manifestation of aggressive
features, characteristic of high-grade disease at a late stage, presenting at earlier stages of
tumor progression.

There are multiple management options for patients with localized prostate cancer, ranging
from “active surveillance” when the disease is thought to be indolent and clinically
insignificant to surgery, radiation therapy and a variety of focal therapies when the disease is
considered more aggressive (McNeal et al., 1986). Choosing the appropriate treatment for
each patient is challenging, in particular because neither the natural progression of tumors
nor their response to therapy can be confidently predicted or assessed with available clinical
or imaging biomarkers or risk-stratification systems (Bill-Axelson et al., 2005; Johansson et
al., 2004). The ability to precisely diagnose clinically insignificant cancer (a tumor that can
be left untreated and remain indolent without progression to metastasis or death) would
measurably benefit patients and their families by sparing unnecessary morbidity and
maintaining quality of life as well as provide tremendous cost savings to society.

While changes in metabolism have the potential to inform on prostate biology,
methodologies to evaluate such changes are currently lacking. Metabolic imaging utilizing
hyperpolarized (HP) magnetic resonance imaging (MRI) can address this need by enabling
non-invasive measurement of metabolic substrates and their products /n vivo (Golman et al.,
2003; Keshari and Wilson, 2014). HP MRI detects the generation of labeled metabolic
products at micromolar concentrations in short scan times without ionizing radiation. The
background signal is negligible, such that the detected signal is due to the injected
hyperpolarized substrate, allowing the measurement of metabolic dynamics non-invasively
and in real time. This metabolic information can provide information complementary to that
obtained from conventional multi-parametric MRI (Starobinets et al., 2017).

The most widely used substrate in preclinical studies has been HP [1-13C] pyruvate, which is
rapidly taken up and catabolized to lactate on a time scale compatible with HP MRI
(Kurhanewicz et al., 2019). Preliminary /n vitroand /n vivo studies in prostate cancer
models suggest that increased lactate production, which is affected by uptake of pyruvate by
the monocarboxylate transporters (MCT1 and MCT4) and catalyzed by lactate
dehydrogenase (LDH), may be useful as a marker for prostate cancer metabolism (Albers et
al., 2008; Keshari et al., 2013; Keshari et al., 2015). The safety and feasibility of imaging /n
vivo human prostate metabolism using HP pyruvate has been demonstrated (Nelson et al.,
2013). High levels of HP lactate in regions of biopsy-proven prostate cancer suggested that
HP MRI could be of great use in characterizing this disease, though the ability of HP MRI to
non-invasively identify and characterize human prostate cancer lesions has yet to be
validated.

In this study, we developed the necessary methodologies to image /n vivo HP pyruvate
metabolism, demonstrated that HP MRI of prostate metabolism is repeatable within patients,
and showed that the timing of HP pyruvate delivery to prostate cancers between patients is
consistent when corrected for the arterial input function. We introduced repeat injections in
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patients in order to evaluate test/re-test variability and demonstrated that HP MRI is safe and
reproducible. We also compared the HP signal to matched step-section pathology and found
that increased lactate production correlates with prostate cancer Gleason grade.
Immunohistochemical analysis of tumor regions revealed up-regulated expression of the
predominant pyruvate uptake transporter, monocarboxylate transporter 1 (MCT1), in
patients with high lactate signal, implicating it as the driver of increased lactate signal /n
vivo. In support of this finding, RNA sequencing data on primary prostate cancers from The
Cancer Genome Atlas cohort indicates increased expression of the predominant pyruvate
uptake transporter, monocarboxylate transporter 1 (MCTZ1), in high-Gleason-grade prostate
tumors. Interestingly, this increased lactate does not correlate strongly with traditional
clinical markers of prostate cancer, suggesting possible molecular mechanisms for the
increased metabolism observed (Lee et al., 2014; Massie et al., 2011; Priolo et al., 2014;
Valencia et al., 2014). Therefore, we performed targeted DNA sequencing for actionable
somatic mutations in these patients. Sequencing data revealed the highest lactate in patients
with homozygous PTEN loss, potentially identifying a group of patients that may benefit
most from HP-MRI.

Design and Implementation of Hyperpolarized MRI in prostate cancer patients

Twelve patients (Table S1) with biopsy-proven prostate cancer were imaged with
hyperpolarized MRI following a bolus injection of [1-13C] pyruvate. Five patients were
injected and imaged twice, for a total of seventeen injections (Table S2). Patient doses were
hyperpolarized for at least 2 hours before dissolution (Figure 1), passed a quality control
check, and were released by a pharmacist prior to injection after terminal sterilization. An
echo-planar spectroscopic imaging (EPSI) sequence (Chen et al., 2007) was designed to
acquire spatially resolved dynamic spectra within 2 minutes of dissolution, with a temporal
resolution of 4.9 s resulting in a 4D dataset. Due to the acquisition of spatial and spectral
information following a single excitation pulse, the EPSI sequence enables acquisition of
MR data that can resolve the temporal dynamics of pyruvate delivery and lactate production
and conserves HP signal by limiting the number of excitation pulses. The 1x1x1.5-cm3
voxel size allows visualization of lesions with diameters >1 cm with adequate SNR.

2D arrays of spectra were registered to To-weighted images to localize the HP signal (Figure
2A). Representative spectra from one of the voxels (Figure 2B) show pyruvate delivery at an
early time point (17 s post-injection) and its subsequent conversion to lactate (33 s post-
injection). (Two-dimensional arrays of spectra for additional time points are shown in
Supplementary Figure S1A.) The spectra were fit with Lorentzian curves to estimate the
areas under the pyruvate and lactate peaks and generate metabolite maps (Figure 2C).
Dynamic curves were generated by summing the maps over the prostate for each time point
and allow for an assessment of delivery and real-time conversion (Figure 2D). The primary
metric for temporal analysis was time-to-max (dotted lines), and the primary metric for
spatial analysis was the maximum lactate ratio (Lacnax)—that is, the ratio of lactate to total
carbon signal (/actate/(lactate+pyruvate)) at the time point with the largest such ratio. The
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tissue type (Normal, Primary Gleason grade 3, Primary grade =4) was defined using regions
identified by a pathologist on the histology slices (Figure 2E) and matched to anatomic MRI.

HP pyruvate is reproducible across patients and in test/re-test injections

Using our dynamic hyperpolarized MRI acquisition strategy, we assessed the delivery of HP
pyruvate to the prostate. The time to arrival of HP pyruvate varied considerably across
patients, even at the time scale of the hyperpolarized MRI experiment (Figure 3A). The
time-to-max pyruvate within the gland ranged from 11.2-33.5 s (21.8£5.4 s) post-injection.
The internal pudendal artery, which supplies the prostate, was identified as an input function
source due to its visibility in the imaging field of view and the low occurrence of anatomic
variations (Hricak and Carrington, 1991) (Supplementary Figure S1B). When corrected for
the arrival time of pyruvate in the supplying blood vessels, the range and standard deviation
of time-to-max pyruvate decreased: 6.2-12.4 s (10.1+2.4 s) post-input. Furthermore, the
delivery curves show a bimodal distribution (6.7+0.4 s and 11.6+0.6 s, Figure 3B). The two
clusters are separated by the temporal resolution of the 2D dynamic acquisition, suggesting
that the correction is limited by the temporal resolution of the sequence. With a finer
temporal resolution, it should be possible to improve the correction for perfusion
differences.

In addition to variability across patients, it is also important to consider the possible
variability in measurements of the same patient, as this would impact the potential for
assessing longitudinal metabolic changes. To explore this, 5 patients were injected twice and
the dynamics of delivery and conversion were assessed. Of these patients, 4 were injected
twice 1 hour apart on the same day, demonstrating the ability to rapidly re-evaluate subjects
using HP MRI. The time-to-max pyruvate and time-to-max lactate did not differ
significantly between the two injections when corrected for perfusion (p=0.24,0.78) (Figure
3C). This provides evidence that the technique we applied is a reproducible method to
explore the dynamic delivery of hyperpolarized pyruvate to the prostate on the sub-minute
timescale of this experiment.

The variability of pyruvate delivery times across patients indicates the need for bolus
tracking for static acquisitions, which has been successfully used in animal studies (Durst et
al., 2014). A non-localized or lower spatially resolved bolus-tracking acquisition would
enable a higher temporal resolution, which would be better able to detect the true time-to-
max pyruvate. This would result in more consistent metabolite maps, which would facilitate
comparisons between injections and, more importantly, be critical for treatment monitoring
and future multi-center trials.

In addition, the acquisition was robust to variations in the magnetic field (Bg) and errors in
setting the center frequency given its spectral width. These are common considerations in
the spectroscopic imaging field and important for assessing future imaging acquisition
strategies. This spectral width allowed us to evaluate the presence of other metabolites, such
as bicarbonate, without their being specified a priori; thus we were able to visualize putative
conversion to bicarbonate in the prostate of 1 patient (Supplementary Figure S1E).
Bicarbonate appears aliased near the pyruvate hydrate peak but can be readily annotated by
comparing the phase, peak position, and magnitude relative to pyruvate in time. Alanine,
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produced via transamination of pyruvate, was not observed in our patient dynamics. While
we were unable to compare bicarbonate levels across patients, we anticipate that future
studies will explore the presence of bicarbonate as a marker for pyruvate dehydrogenase
flux.

HP lactate is elevated with increased Gleason grade

Previous pre-clinical studies have suggested both increased levels of steady-state lactate and
increased glycolytic flux to lactate as potential biomarkers of prostate cancer and
aggressiveness (Keshari et al., 2013; Levin et al., 2009; Tessem et al., 2008). In order to
conceptualize the biochemical conversion of HP pyruvate to lactate, we derive intuition from
the standard flux-force relationship applied to metabolic flux analysis (MFA) (Noor et al.,
2014). Typically, metabolite ratios, which change in time, reflect the flux through the
reaction and in the case of this reaction, the highest net generated lactate would capture the
closest to maximum forward flux. Furthermore, given the bolus injection of pyruvate at a
supraphysiologic dose, we expect that this approach is measuring the maximum capacity of
the system. This should not be confused with the physiologic use of steady-state blood
pyruvate, which exist at approximately an order of magnitude lower concentration.
Motivated by this and by recent work comparing quantitation of rate conversions of HP
substrates, we utilized the Lacp,y as a metric to infer transport and subsequent flux to lactate
in vivo. We then compared the spatial distribution of the Lacma to the distribution of
prostate cancer on step-section histopathology. Comparing only one measurement per
patient, we found that the Lac,y is elevated in tumor regions compared to non-cancerous
prostatic tissue (Figure 3D). The Lacnax Was significantly lower in normal prostate than in
regions of prostate cancer (p=0.0001 for Gleason grade 3, p<0.0001 for Gleason grade >4,
Figure 3E). For patients with two injections, the Lacnax Was not significantly different
between the two injections (p=0.2, Figure 3F). While there was increased Lacmax With
higher Gleason grades, a larger sample size is needed to establish cutoffs for distinguishing
low-grade and high-grade tumors using HP lactate signal. Acquiring higher-resolution data
may also facilitate distinguishing tumor grade by reducing partial volume effects.

Metabolic imaging has the potential to reveal regions missed on anatomic MRI

Standard non-invasive approaches typically perform well in regions where there is an
obvious malignant mass. While this is useful for confirming diagnostic accuracy, the ability
to non-invasively identify lesions that are not visible on conventional imaging would be a
major benefit of HP MRI. Anterior apical prostate tumors are common but present
challenges for both detection and treatment. These lesions are difficult to sample with a
standard transrectal biopsy; a number of studies found improved detection rates with an
extended biopsy protocol (Moussa et al., 2010; Wright and Ellis, 2006). The size and
location of the apex at the periphery of the prostate make it challenging to image with
conventional MRI, but using multiple different types of contrast can improve detection rates
(Nix et al., 2012; Rosenkrantz et al., 2015). Anterior apical tumors have a high rate of
residual cancer for surgical resection and high-intensity focused ultrasound treatment
(Boutier et al., 2011; Smith et al., 2007). Supplementary Figure S1F shows an example of a
lesion that is not clearly visible on conventional To-weighted or diffusion-weighted images,
typically considered the MRI sequences most sensitive for detecting peripheral zone lesions.
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However, the HP lactate signal is co-localized with the lesion as identified on pathology.
This indicates that the information derived from the hyperpolarized MRI is different from
that of anatomic scans and may provide distinct, orthogonal information that can be used to
assess tumor grade and characterize the underlying pathology.

Increased lactate does not correlate with standard clinical markers, suggesting a
molecular mechanism mediates the flux

The lactate ratio was compared to PSA, prostate volume, total tumor volume, and maximum
tumor dimension (Supplementary Figure S2). The correlation was strongest for Lacmgy and
PSA (R2=0.26; R2<0.20 for the spatial measurements). The weak correlations suggest that
another mechanism, such as a change in metabolism, is responsible for the increase in
lactate production.

In order to address the possible mechanistic contributors to the increased conversion of HP
pyruvate to lactate /n7 vivo, we first explored the levels of RNA expressed for the putative
enzymes that govern its conversion (Figure 4A). When analyzing previously published RNA
sequencing data, MCT1 and lactate dehydrogenase A (LDHA), the isoform predominantly
responsible for the forward reaction of LDH, were significantly upregulated in prostate
cancer in comparison to matched controls (Figure 4B, Supplementary Figure S3). Given
their role in the mechanism of hyperpolarized pyruvate imaging, we hypothesized that
expression of the rate limiting transporter (MCT1) would be upregulated in regions of high
lactate. Previous work in animal models of prostate cancer has suggested the
monocarboxylate transporters (MCT1 and MCT4) as possible candidates that govern lactate
signal intensity. In immunohistochemical staining of patient samples, MCT1 was highly
expressed in regions of cancer across all of our patients (Figure 4C) yielding a correlation to
cancer analogous to that seen for Lacyax in Figure 3E. A subanalysis of our patient cohort
(Supplementary Table S3), demonstrated elevated HP lactate kinetics and Lacyay in regions
of high MCT1 (Figure 4D-E). We used a threshold of 30% of an ROI as stained positive for
MCT1 to identify ROIs with high MCT1 levels. Lacsx was 60% higher in ROIs of high
MCT1 than of low MCT1 (0.38 + 0.3 vs. 0.23 £ 0.04, P=0.028), further supporting a
correlation between elevated MCT1 and increased HP lactate.

Elements of the PI3-kinase pathway, which regulates cellular metabolism and proliferation,
are often mutated in prostate cancer (Taylor et al., 2010). An increase in the expression of
P13-kinase or, more commonly, a decrease in the expression of PTEN results in upregulation
of anaerobic glycolysis and an increase in lactate production. PTEN loss is associated with
aggressive prostate tumors (Berger et al., 2011; Di Cristofano and Pandolfi, 2000), and it is
likely that upregulation of this pathway results in increased hyperpolarized lactate
production in high-Gleason-grade lesions. To confirm the role of PTEN loss, we performed
targeted DNA sequencing for actionable somatic mutations in these patients using the
IMPACT assay. Sequencing revealed a subset of patients with loss of PTEN (n=2 ROIs with
homozygous loss and n=3 with heterozygous loss) and a correlation between loss of PTEN
and Lacmax approaching significance (P=0.059, Figure 4FG, Supplementary Figure S4). A
subset of patients also revealed TMPRSS2-ERG gene fusions, though these did not yield
increased lactate relative to non-fusions (Figure 4H). These findings hint at the potential for
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utilizing HP metabolic flux as a strategy for discerning regions of genomic heterogeneity as
well as gleaning information about the role of each mutation in controlling metabolic flux.

Discussion

Hyperpolarized pyruvate imaging has been safely performed in humans for prostate, brain
and cardiac studies (Cunningham et al., 2016; Miloushev et al., 2018; Nelson et al., 2013).
These preliminary studies tested the safety and feasibility of /n vivo HP pyruvate imaging,
with pyruvate and lactate signal detectable in the prostate and pyruvate, bicarbonate, and
lactate detectable in the heart. For HP MRI to be clinically useful, it is necessary to
demonstrate the repeatability of the technique and the correlation with pathologic findings.
The current study addressed these issues by imaging pre-prostatectomy patients following
initial and, in some cases, repeat HP pyruvate injections, allowing us to not only correlate
signal with histopathologic grade but also to compare data from test/re-test injections.

To ensure sufficient SNR, we acquired images with a native resolution of 1x1x1.5-cm3
voxels. This voxel size allowed us to acquire multiple voxels within the prostate. However,
this resolution limited the size of tumors that we were able to visualize and resulted in
partial volume effects when comparing to whole-mount pathology specimens. Furthermore,
the spatial resolution limited our ability to evaluate intratumoral heterogeneity. With higher
resolution, we expect the correlation between Lacyay and histopathologic grade to be
stronger due to voxels being more homogeneous and increasing the number of voxels that
can be confidently classified according to tumor grade. Higher in-plane spatial resolution is
limited for the EPSI acquisition due to the gradient limitations of the scanner; however, the
through-plane resolution could be improved by using a thinner slab or phase encoding in the
slice direction. A non-spectroscopic imaging acquisition would allow higher in-plane
resolution; a number of different fast imaging readout gradient trajectories, such as spiral
and echo-planar, could be combined with a multi-echo acquisition to reconstruct single-
metabolite images (Cho et al., 2017). With the SNR achieved in the current study, we
primarily see pyruvate and lactate, with bicarbonate detected in a single case
(Supplementary Figure S1E). In future studies we aim to use an imaging acquisition, where
one could acquire the same field of view with fewer acquisitions, allowing the use of larger
flip angles, multiple slices, or more temporal data.

A dynamic acquisition provided flexibility in the timing of the acquisition relative to the
injection; slight differences in patient-specific perfusion were accommodated by the
acquisition of multiple time points. The 2D acquisition had the advantage of being fast
relative to the acquisition of a multi-slice or 3D volume. A triggered acquisition would help
adjust the acquisition time to best capture the metabolic information of interest. Using a
triggered acquisition would also help preserve signal by minimizing the number of
excitation pulses used before the metabolic conversion has occurred. Based on these data, an
imaging acquisition should be initiated 15-20 seconds after the input signal is detected to
capture the peak lactate signal. This approach offers the added benefit of avoiding the peak
pyruvate signal, which can reduce the dynamic range of data. Within our chosen field of
view and the sensitivity region of the receive coil, we observed no signal outside of the
supplying vessels and the prostate. Therefore, a non-localized acquisition could be used to
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detect the arrival of the signal and trigger the acquisition. The advantages of a non-localized
scout are that the temporal resolution could be much higher, improving the quality of the
correction and fewer and/or smaller flip angle excitation pulses could be used to preserve
longitudinal magnetization for the main acquisition. Recent studies have also attempted to
use inputless methods to calculate flux in prostate cancer (Larson et al., 2018), though
further studies with comparison to validated regions of tumor are needed. We anticipate a
combination of the inputless method and a known input function will be used for accurate
flux calculations.

With these technical achievements, hyperpolarized MRI shows great potential as a non-
ionizing, minimally invasive technique for monitoring metabolic changes over time, which
could potentially be relevant for treatment response assessment. We also demonstrated that
HP data are repeatable within a short time (during which no physiological changes are
expected), with a variability on the order of that found in large studies using 18F-
flurodeoxyglucose positron emission tomography (FDG PET) (Fraum et al., 2019),
suggesting that any changes observed over time would be related to changes in tumor
metabolism, such as tumor progression or response to treatment. Prior studies have shown
that hyperpolarized MRI can be used to detect response to treatment in preclinical models
(Day et al., 2007; Tee et al., 2018). A significant change in metabolism can be observed
earlier than changes in tumor volume (Di Gialleonardo et al., 2017; Dong et al., 2019).
Moreover, a case report in a prostate cancer patient before and after androgen deprivation
therapy showed reduced HP lactate (Aggarwal et al., 2017), providing some evidence that it
is feasible to acquire pre- and post-treatment HP-MRI data during the course of treatment.

The correlation of Lacyax and histopathologic grade suggests that lactate has potential as a
direct imaging biomarker for tumor aggressiveness. We have also demonstrated that the
magnitude of hyperpolarized lactate is increased with increased expression of MCT1 in
patient samples, likely the rate-limiting step in generation of HP lactate. MCT1 was the first
member of the proton-linked monocarboxylate transporter described and has been shown to
have a broad specificity for short-chain monocarboxylates (Halestrap and Price, 1999). It has
been shown to be over-expressed in many types of cancer and is also associated with poor
prognosis and high mortality (San-Millan and Brooks, 2017). Excretion of lactate through
MCT1 has been postulated to allow LDH-catalyzed lactate flux from pyruvate to persist,
regenerating NAD+ consumed during glycolysis (DeBerardinis et al., 2008). More recently,
MCT1 has been implicated as a mechanism by which cancer cells can utilize circulating
lactate to fuel the energetic needs of the cell (Faubert et al., 2017; Hui et al., 2017). It is
therefore possible that hyperpolarized lactate production provides a non-invasive functional
biomarker of this mechanism in humans. In combination with MCT1
immunohistochemistry, HP lactate might become a useful biomarker not only for prostate
cancer detection and characterization, but also for the development of relevant therapeutics
for targeting this mechanism and a basis for fundamentally understanding the metabolic
requirements of prostate cancer.

We have also shown that with loss of PTEN, lactate formation increased in our patients.
P13K and downstream signaling proteins have long been known as master regulators of
metabolism (Cairns et al., 2011), suggesting that patients with loss of repression of this
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pathway would show increased metabolism and ultimately benefit from hyperpolarized
MRI. While these data suggest that the titration of PTEN plays a role in the metabolic
phenotype observed in vivo, study of more patients is necessary to quantify this change with
respect to pathway output. Targeted sequencing also revealed a subset of patients with the
TMPRSS2-ERG gene fusion. Recent studies in lung cancer (Updegraff et al., 2018) have
shown a role for this fusion gene in regulating lactate export and glycolytic metabolism. It
will be intriguing to investigate the ability of hyperpolarized MRI to serve as an imaging
platform to stratify patients who could potentially benefit from treatment with inhibitors of
TMPRSS-ERG versus those who could benefit from treatment with inhibitors of the PI3K
pathway.

We have demonstrated that hyperpolarized MRI with [1-13C] pyruvate is clinically feasible.
The timing for substrate delivery and its metabolism is repeatable when corrected for the
arterial input and does not differ significantly between injections in the same patient. The
maximum lactate ratio increases with tumor grade and is significantly higher in tumors than
in normal prostate. The ratio is also repeatable for test/re-test injections in the same patient,
suggesting that HP pyruvate MRI can be used to accurately assess prostate cancer grade in
patients. Identifying MCT1 as the likely driver of increased lactate in regions of prostate
cancer provides both an avenue for further investigations of the fundamental metabolism that
drives prostate cancer energetics and a companion biomarker, HP lactate, to guide such
investigations.

Limitations of Study

While this study further lays the foundation for using HP pyruvate in prostate cancer
patients, the patient population limits its ability to assess the level of subtlety in metabolic
changes that can be detected across patients. With widespread adoption, future studies with
large patient numbers are needed, akin to those currently underway for PET imaging.
Furthermore, a large scale genomic and proteomic effort, in conjunction with metabolic
imaging of patients, is needed to validate the findings of this first study. Lesion sizes
analyzed in this study were also limited by the spatial resolution achievable with our current
technology. With greater signal strengths provided by newer polarization and detection
approaches, higher spatial and temporal resolution images can be acquired. This along with
more sophisticated modeling approaches has the potential to provide an even deeper
understanding of /n vivo cancer metabolism.

Star Methods

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to Kayvan R.
Keshari, Ph.D. (rahimikk@mskcc.org).

Lead Contact and Materials Availability: This study did not generate new unique reagents.
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Experimental Model and Subject Details

In this prospective study, men (average age of 62 £ 7 yrs, range 51-72 yrs) with
histologically confirmed prostate cancer (>1 cm) scheduled for radical prostatectomy were
included and the patient characteristics are listed in Supplementary Table S1. (Patient 3
subsequently opted for brachytherapy and was included in the imaging repeatability
analysis, but was excluded from analyses comparing imaging and tissue samples). Patients
were required to have blood tests within 2 weeks of the pyruvate study demonstrating
sufficient hepatic and renal function. Exclusion criteria included prior treatment for prostate
cancer, acute major illness, diabetes mellitus, and inability to tolerate an MRI exam with
intravenous contrast administration.

The Institutional Review Board of Memorial Sloan Kettering Cancer Center approved the
study (IRB#14-205). Participants were enrolled at Memorial Sloan Kettering Cancer Center
(MSKCC) in New York, New York, USA from May 2015 to July 2018. All participants
provided written, informed consent.

Method Details

Dose preparation—The use of [1-13C] pyruvate for human injection was in accordance
with an Investigational New Drug application that was acknowledged by the U.S. Food and
Drug Administration (IND#125947). The pyruvate prep consisted of 14.2 M [1-13C]
pyruvate (GMP Isotech) and 15 mM of free radical (GE Healthcare). The prep was dissolved
with 38 mL sterile water and neutralized with 41.2 g of Tris buffer and sodium hydroxide.
Patient doses were prepared using single-use, sterile fluid paths (GE Healthcare) that include
a filter to remove the radical and a terminal sterilization filter (ZenPure). The fluid paths
were prepared in a clean room the morning of the injection and were loaded into the
polarizer approximately 4 h prior to the MR exam. A pharmacist evaluated the quality
assurance results to ensure the dose met the specifications for injection and dispensed the
syringe with the proper dose volume. A sample was saved from each dose for sterility
testing. Patients were injected intravenously with 0.43 mL/kg of 250 mM [1-13C] pyruvate
followed by a 20 mL saline flush to provide a bolus of pyruvate. A power injector (Medrad)
was used to control the injection volume and rate (5 mL/s).

MR Acquisition—All MR data were acquired on a wide-bore 3T scanner (MR750w, GE
Healthcare). The body coil was used for proton (*H) excitation, and an insertable clamshell
volume transmit coil was used for carbon (13C) excitation (Tropp et al., 2011). A dual-tuned
H/13C endorectal coil was used for signal detection. Patients were imaged supine and feet
first with their arm outside the bore for the intravenous pyruvate injection. Axial To-
weighted images were acquired for anatomic reference using a 2D or 3D fast spin-echo
sequence. Carbon-13 spectra were acquired using a 2D dynamic echo-planar spectroscopic
imaging (EPSI) sequence (Chen et al., 2007). A 16-cm axial field of view was centered on
the prostate at a superior-inferior location (15-mm slice thickness) corresponding to the
index lesion identified on standard-of-care prostate MRI. A native in-plane resolution of 1
cmx1 cm was achieved using an EPSI readout trajectory covering 16 voxels in the left-right
dimension and 16 phase encoding steps in the anterior-posterior dimension. The EPSI
waveform acquired 16 voxels with a spectral resolution of 0.3 ppm and a sweep width of 18
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ppm. The center frequency was set halfway between where [1-13C]pyruvate and
[1-13C]lactate are expected. The 2D EPSI was repeated every 4.9 s. For injections 1-5, a 10°
flip angle was used for all time points. For injections 618, a variable flip angle scheme was
used to improve signal at the later time points. A 5° flip angle was used for the first three
time points, 10° for subsequent time points, and 30° for the final time point. To test
intrapatient repeatability, patients were imaged at least 1 h after the first injection to allow
time for the body to clear the introduced pyruvate. (Patient 1 was injected on two separate
days three weeks apart.) The EPSI acquisition was initiated 5 seconds following the
completion of the saline injection.

Reconstruction—Data were reconstructed offline using MATLAB (Mathworks). The data
were zero-filled in the spectral and spatial dimensions, to 256 spectral points and 32x32
spatial points. The free induction decay signals were apodized using a 10 Hz exponential
function prior to Fourier transformation. The dynamic spectra were processed using the
SIFT technique to separate persistent signal from noise (Doyle et al., 1994). The pyruvate
and lactate peaks were fit with a Lorentzian function to further denoise the data (Figure 2).
The pyruvate and lactate signals were then corrected for flip angle, to allow comparison
between the two flip angle schemes. The areas of the pyruvate and lactate peaks were used
to generate maps for analysis. Using ratios obviated the need to correct for coil sensitivity
and polarization.

Pathologic assessment—Following surgical resection, the entire gland was embedded
and axially step-sectioned (Pucar et al., 2005). Whole mount prostatectomies were fixed
overnight in 10% neutral buffered formalin (Fisher). The samples were dehydrated in graded
alcohol, embedded in paraffin and 5 um sections used for analysis. Sections were stained
with haemotoxylin and eosin (H & E) and used for immunohistochemical analysis
performed on an automated Ventana machine (Discovery, Ventana Medical Systems Inc.).

Quantification And Statistical Analysis

HP MRI Analysis—Regions of interest were defined using a T,-weighted image as an
anatomic reference. The pudendal arteries and prostate were defined based on anatomy, and
tumors were defined using the regions identified by a pathologist on whole-mount pathology
specimens. For the dynamic curves, the signals were fit with a spline to estimate the time-to-
max in MATLAB (Mathworks). For repeatability measures, the data from the five patients
with two injections were analyzed using a paired Student’s T-test using Prism 8 (GraphPad).
Correlations with clinical parameters were evaluated using the Pearson correlation
coefficient using Prism 8 (GraphPad).

Pathologic Analysis—Sections were stained with hematoxylin and eosin (H&E) and an
experienced genitourinary pathologist identified the sites of prostate cancer lesions,
measured their volume, and assigned a Gleason grade. The hyperpolarized MRI field of
view was matched to corresponding anatomic images and histology slices by two
radiologists. The HP data were analyzed by tissue type (Normal prostate tissue, Gleason
grade 3 prostate cancer, and Gleason grade =4 prostate cancer) as segmented on the matched
anatomical images. The primary antibodies used were MCT-1 (Santa Cruz Biotechnology) at
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1:100 dilution. For the purposes of comparing MCT-1 staining to Lacmax, the section was
considered positive for MCT-1 expression if more than 30% of the area was stained and
analyzed using a paired Student’s T-test using Prism 8 (GraphPad). Due to the coarse
resolution of the HP data compared to the images of histological sections, several of the
sections corresponded to the same HP MRI voxels. Only one section was compared to each
HP MRI ROI. Redundant sections were excluded from analysis and are labeled as such in
Supplemental Table S3.

RNA Analysis—TCGA RNA sequencing (RSEM normalized) data and associated clinical
data was downloaded from the Broad Institute’s firebrowse server for the PRAD TCGA
study. Differential expression was completed using the limma voom R package (Law et al.,
2014).

Genomic Analysis—Samples were sequenced using the MSK-IMPACT prospective
clinical sequencing platform (Cheng et al., 2015). This hybridization capture-based assay
targets 468 cancer associated genes for mutational analysis and tiles the genome with
common heterozygous SNPs at sufficient density to call allele-specific copy number
changes. Allele-specific copy number changes were determined using the FACETS
algorithm run in a sequential mode. First, FACETSs was run at a higher critical value of 100
to accurately determine purity. This purity was input directly to the FACETS algorithm in
the subsequent FACETS run with a higher sensitivity critical value of 50. All FACETS
output was manually reviewed to ensure accuracy of the inferred diplogR. PTEN copy
number status was determined by examination of major and minor copy number of the
PTEN locus from the FACETS output.

No methods were used to determine whether the data met assumptions of the statistical
approach.

Data And Code Availability

The Raw IMPACT sequencing data generated during this study are available at the European
Variation Archive (EVA, Accession code: PRJIEB33969) as well as through chioportal.org at
the following links:

1. https://www.cbioportal.org/study/summary?id=prad_msk_2019

2. https://github.com/cBioPortal/datahub/tree/master/public/prad_msk_2019.

Additional Resources

This work involves an ongoing clinical trial () which can be found at the following link:
https://clinicaltrials.gov/ct2/show/NCT02421380.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Context and Significance

While metabolic parameters are of great interest as diagnostic tools for prostate cancer,
non-invasive methods to investigate /77 vivo metabolism in humans are limited. Here,
utilizing the emerging modality of metabolic imaging known as hyperpolarized MR,
researchers at Memorial Sloan Kettering Cancer Center and their collaborators trace the
fate of a glycolytic metabolite, pyruvate, in prostate cancer patients. They find that
metabolic imaging of pyruvate’s conversion to lactate has the potential to annotate grades
of prostate cancer, implying a relationship between tumor grade and metabolic rate.
Further, they connect the increased generation of lactate to the overexpression of a
transport protein which imports pyruvate and lactate into cells. These findings provide
evidence that metabolic imaging can be used clinically to assess cancer patients.
Moreover, it reveals underlying biochemistry which plays a role in prostate cancer
biology and can yield novel therapeutic strategies.
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Highlights

HP pyruvate can be safely infused multiple times and measures reproducible
kinetics

Tumors with higher Gleason grades had higher levels of hyperpolarized
lactate

Regions of high HP lactate correlated with elevated monocarboxylate
transporter 1

Conversion of HP pyruvate to lactate was higher in tumors with loss of PTEN
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Key Points

First reproducibility study of metabolic imaging using hyperpolarized [1-13C]
pyruvate in patients demonstrating that patients can be infused safely multiple
times and yields quantitative kinetics

When normalized for the input function, utilizing the pudendal artery signal,
delivery time across patients was on the order of the imaging temporal
resolution— providing evidence that this approach to HP pyruvate MRI could
be developed as a biomarker

Tumors with higher Gleason grades had higher levels of hyperpolarized
lactate

Regions of high lactate signal correlated with regions of elevated
monocarboxylate transporter 1 (MCT1) expression

Conversion of hyperpolarized pyruvate to lactate was higher in tumors with
loss of PTEN
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Figure 1. Hyperpolarization and acquisition
The [1-13C] pyruvate is polarized using dissolution dynamic nuclear polarization:

microwave irradiation is used to transfer the high polarization of the radical achieved at high
magnetic field and low temperature to the 13C nuclei (red circles). Following dissolution, the
sample must pass a Quality Control check before injection, which measures pyruvate and
residual radical concentrations, temperature, pH, and polarization. A power injector is used
to deliver a bolus of pyruvate with a saline flush. An EPSI sequence is repeated to acquire
2D dynamic spectra with 1.5 cm3 nominal spatial resolution and 4.9 s temporal resolution.
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Figure 2. Data processing
(A) Array of spectra overlaid on a T,-weighted image shows HP signal localized in the

prostate. (B) Early and late spectra from one of the voxels in the right peripheral zone show
pyruvate delivery and subsequent conversion to lactate. (C) Spectra are automatically fit
with Lorentzian curves, which are used to calculate the area of the pyruvate and lactate
peaks for each voxel (in space and time). (D) Pyruvate and lactate curves for the whole
prostate show delivery of pyruvate and its conversion to lactate. (E) The maximum lactate to
total carbon ratio (Lacnay) is shown and was used as the primary metric for analysis. A
pathologist marked regions of Primary Gleason grades 3 and 4/5 on histology slides.
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Figure 3. Quantified Metabolic Dynamics and Comparison to Primary Gleason Grade in
Prostate Cancer Patients

(A) Pyruvate delivery to the prostate varies across patients (N=16 patient injections) as
measured from the time of injection (time-to-max standard deviation = 5.4 s). When
corrected for delivery, the delivery curves align, both in shape and time-to-max (standard
deviation = 2.4 s). (B) The range of time-to-max decreases for both pyruvate (22.3 s t0 6.2 s)
and lactate (21.4 s to 14.3 s) when corrected for the input timing (N=16 patient injections).
The time-to-max pyruvate shows a bimodal distribution with a separation of 4.9 s,
corresponding to the temporal resolution of the acquisition. (C) There is no significant
difference in time-to-max pyruvate and lactate between injections in the same patient
(p=0.24,0.78, N=5 patients). 4 of the 5 patients were injected and imaged again 1 hr after the
first injection, while 1 patient (labeled in blue) was injected and imaged for the second time
on a different day. (D) The maximum lactate ratio (Lacmax) maps show similar spatial
distributions to the regions marked on histology slides by a pathologist. Furthermore,
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regions of high-grade tumor (Gleason grade 4/5) show higher ratios than those of low-grade
tumor (Gleason grade 3). (E) The Lacm;ay increases with tumor Gleason grade. The ratios are
significantly lower in normal tissue than in tumors (p=0.0001 for Gleason grade 3, p<0.0001
for Gleason grade =4). (F) There is no significant difference in Lacmqy between test/re-test
injections within individual patients (N=5 patients, 2 injections per patient). All plotted data
is represented as mean and SD. Significance was tested using a 2-sided Student’s T-test and
p-values < 0.05 were considered signficant.
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Figure 4.
(A) Schematic for conversion of HP pyruvate to lactate and potential mediators of this

reaction /in vivo (B) Analysis of RNA sequencing data from the TCGA (Cancer Genome
Atlas Research, 2015) showing elevated MCT1 in regions of prostate cancer as compared to
regions of normal prostate tissue in the same patient plotted as mean and SD. (C)
Representative images from MCT1 immunohistochemistry in matched benign and tumor
regions of 7 patients demonstrating an increase in MCT1 in tumor regions. White scale bar
represents 500 um. (D) To-weighted anatomic MRI with representative regions of interest
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and corresponding dynamics of HP lactate and pyruvate. The regions of green, red and
orange correspond to the ROIs on the anatomic MRI. (E) MCT1 immunohistochemistry for
the corresponding regions in (D) showing higher MCT1 staining in the orange and red
regions, both of which were Gleason grade 4/5 as confirmed by H&E staining. Scale bar
represents 500 um. (F) Lacmax is shown for each ROI quantified. 5 ROIs had loss of PTEN
(red) and 4 demonstrated TMPRSS-ERG fusion (blue) as measured by IMPACT sequencing
(G) The average Lacyay is shown for PTEN wildtype (wt, n=11 ROIs) versus PTEN loss
(n=5 ROIs, 2 homozygous loss and 3 heterozygous loss) with a P=0.059. (H) The average
Lacmax is shown for TMPRSS-ERG fusion (n=4 ROIs) versus wildtype (wt, n=12 ROISs)
with a P=0.730. Significance was tested for all data using a 2-sided Student’s T-test and p-
values are reported for each comparison.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

Prostate sections Patients N/A
Chemicals

[1-13C] pyruvic acid Isotech Stable Isotopes 113-24-6
Radical Syncom SYo01

Sodium hydroxide 1N Fisher SS266

Tris (Hydroxymethyl) Aminomethane, ACS Reagent | Sigma-Aldrich 252859

Sterile Water

Hospira or B. Braun

NDC# 0409-7990-09 or NDC# 0264-7850-00

Critical Commercial Assays

MCT-1 Antibody

Santa Cruz Biotechnology

sc-365501

Software and Algorithms

MATLAB MathWorks https://www.mathworks.com/

Prism GraphPad https://www.graphpad.com/scientific-software/prism/
Other

Clinical fluid path GE Healthcare SFP

Medrad Syringe Bayer SQK®65VS

Millex-GS Filter, 25mm, 0.22 um, Vented Inlet Millipore SLGSV255F

65mm 0.2uM Syringe Filter (sterilizing filter) ZenPure D65RS020LMLFNV-PH-ET0-1

3 way Stopcocks Smith Medical MX9311L
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