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FOCUS ON MOLECULARIMAGING

Hyperpolarized 3C MR for Molecular Imaging of Prostate

Cancer

David M. Wilson and John Kurhanewicz
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Hyperpolarization using dissolution dynamic nuclear polarization
has emerged as a versatile method to dramatically improve the
MR signal of low-sensitivity nuclei. This technique facilitates the
study of real-time metabolism in vitro and in vivo using '3C-
enriched substrates and has been applied to numerous models
of human disease. In particular, several mechanisms underlying
prostate cancer have been interrogated using hyperpolarized
13C MR spectroscopy. This review highlights key metabolic shifts
seen in prostate cancer, their study by hyperpolarized '3C MR
spectroscopy, and the development of new platforms for meta-
bolic study.
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The recent first-in-man hyperpolarized 1*C MR imaging
study in prostate cancer patients has confirmed the clin-
ical potential of this remarkable technology (/). Hyper-
polarization using dynamic nuclear polarization (DNP) is
now a robust technique used to dramatically increase the
signal-to-noise ratio of nuclei that have a spin of one half.
This increased sensitivity has facilitated the study of chem-
ical phenomena in solution and the probing of a variety of
metabolic pathways in vitro and in vivo (2). The technique
is particularly sensitive to the metabolic reprogramming
that occurs in malignancy and has been applied to several
cell and animal models of prostate cancer.

Prostate cancer is now the most commonly diagnosed
cancer in men in the United States, with an estimated
233,000 new cases of the disease in 2014 (3). The landscape
of the disease is changing rapidly, motivating new therapeu-
tic and diagnostic approaches. There is considerable debate
about prostate cancer management, based on the efficacy of
common treatments (most commonly antiandrogen therapy,
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radiotherapy, and radical prostatectomy), side effects, and
recent progress in the understanding of prostate cancer bi-
ology. Radical prostatectomy remains the most frequently
recommended treatment for patients with a life expectancy
of greater than 10 y but has severe side effects, including
erectile dysfunction and urinary incontinence. Expectant
management, or watchful waiting, may be the answer for
patients in whom disease is likely to be indolent. However,
the diagnostic tools needed to predict disease aggressive-
ness are lacking, making patient-specific therapy diffi-
cult.

These difficulties are highlighted by therapies targeting
the androgen receptor. Androgen deprivation therapy is
currently a mainstay of prostate cancer treatment, with
androgen antagonists (e.g., bicalutamide) prescribed as
monotherapy or in conjunction with other therapies. Re-
cently, two highly potent antiandrogen agents have been
approved, namely the androgen receptor antagonist enza-
lutamide and the androgen biosynthesis inhibitor abirater-
one acetate (4,5). A durable response to these agents is not
universal, with relapse occurring in a significant subset of
patients within 1 y. Furthermore, there is a small but pro-
vocative body of evidence that potent, chronic androgen
receptor inhibition can drive transformation to androgen-
independent neuroendocrine prostate cancer (6,7). This
treatment-induced evolution of neuroendocrine prostate
cancer (also known as small cell carcinoma) from adeno-
carcinoma is thought to be an adaptive response with an
increasing incidence in the clinic. Metabolic markers of this
transition are urgently needed to treat patients receiving
antiandrogen therapy appropriately.

The development of neuroendocrine prostate cancer in
patients receiving androgen receptor therapy is just one
example of the numerous ways prostate cancer can evade
therapy, escape detection, and behave in unpredictable
ways. Increasingly, cancer is considered a metabolic disease,
with the metabolic shifts enforced by oncogenes and tumor
suppressors (8). This concept differs from the traditional
view of cancer as a primarily genetic, proliferative phenom-
enon. The focus of this mini review is identification of sev-
eral of the metabolic shifts seen in cancer that may be
exploited for diagnostic purposes, in particular by the agents
and platforms developed for hyperpolarized '3C MR spec-
troscopy (MRS).
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TARGETING METABOLISM: THE SEARCH FOR NEW IN
VIVO BIOMARKERS

A snapshot of prostate cancer metabolism is frequently
obtained via 'H MRS, acquired in conjunction with ana-
tomic data during a prostate MR imaging scan. MRS sig-
nificantly improves the local evaluation of prostate cancer
presence and volume, particularly when performed at
higher field-strengths (3T) in conjunction with other func-
tional MR methods, namely dynamic contrast-enhanced
imaging and diffusion-weighted imaging. Three-dimensional
MR spectroscopic imaging (MRSI) allows metabolic map-
ping of the entire prostate gland, whereby resonances cor-
responding to citrate, creatine, choline, and polyamines
may be visualized. Changes in the concentrations of these
metabolites can be used to identify cancer with high spec-
ificity. The spectra taken from regions of prostate cancer
show significantly reduced or absent citrate and poly-
amines, whereas choline is elevated relative to spectra taken
from surrounding healthy tissue. These changes in citrate
are attributed to a shift from citrate-producing to citrate-
oxidizing metabolism (9). The total choline resonance is
increased by numerous mechanisms, including overexpres-
sion and activation of choline cycle enzymes (/0). There-
fore, the choline-to-citrate ratio ([choline + creatine]/
citrate) is commonly used for spectral analysis since the
choline and creatine peaks are poorly resolved. The meta-
bolic reprogramming seen in prostate cancer, as well as
a characteristic "H MRSI scan, are depicted in Figure 1.

The development of hyperpolarized '3C MRS, and its
recent application to prostate cancer patients, have signifi-
cantly expanded metabolic targets for imaging. Metabolic
shifts in cancer are too numerous to describe in full here but
include accelerated aerobic glycolysis, increased consump-
tion of glutamine, and redox adaptation, whereby cancer
cells accumulate intracellular antioxidants. These metabolic

shifts are enforced by oncogenes (most notably PI3K/AKT,
MYC, and HIF-1) and the loss of tumor suppressor genes
such as P53. The following summaries are offered to sug-
gest how these transitions may be exploited by new meta-
bolic imaging technologies.

The Warburg Hypothesis: The Glycolytic Phenotype
The pioneering studies of Otto Warburg were reported in
1926, describing the altered metabolism of tumors. These
studies reported the remarkable preference of tumors for
aerobic glycolysis, whereby the pyruvate produced by
glycolysis is converted to lactate, rather than entering the
tricarboxylic acid cycle. This preference for fermentation
exists even when O, is present—a surprising result indeed:
why would a tumor cell prefer the 2 adenosine triphos-
phates generated by glycolysis to the 36 adenosine triphos-
phates afforded by complete oxidation of glucose? This
preference may represent the selection of cells adapted to
hypoxia, given the tendency of tumors to outgrow their
blood supply. Alternatively, suppression of reactive oxygen
species formed during oxidative phosphorylation likely rep-
resents another adaptive mechanism. The “why” remains
controversial, but the Warburg phenotype has proved par-
ticularly useful in the detection of cancers, which are
largely glucose-avid. PET scans using !'8F-FDG are cur-
rently the standard detection method for identifying meta-
static disease in the body for a variety of human cancers.
However, '8F-FDG PET offers poor tissue contrast in the
prostate, and its use is complicated by proximity to the
excretory system. Furthermore, the fundamental switch in
prostate cancer is altered carbon use, not just glucose up-
take. Therefore, use of fast 13C MR after injection of hyper-
polarized [1-'3C]pyruvate to measure this metabolic switch
and its relationship to cancer aggressiveness and therapeu-
tic response makes biologic sense.
The shunting of pyruvate, an end product of glycolysis,
to lactate in tumor is facilitated by
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Metabolic reprogramming in prostate cancer, observed by 'H MRS. (A)
Change in glucose metabolism when comparing normal prostate glandular epithelial
cells and malignant prostate cells. (B) Representative T2-weighted imaging and
corresponding 3-dimensional MRSI array in patient with Gleason 3 + 4 cancer in
right base of prostate gland. Inlaid spectra corresponding to normal and malignant
voxel demonstrate differences in metabolism for these regions, with large citrate
resonance observed in normal prostate tissue and abnormal choline peak in cancer.
GLUTs = glucose transporters; ZIP1 = zinc transporter; AcCoA = acetyl-CoA; ACCH =
acetylcholine; aKG = a-ketoglutarate; Lac = lactate; LDH = lactate dehydrogenase;
MCT4 = monocarboxylate transporter 4; OAA = oxaloacetate; Pyr = pyruvate; TCA =

matrix. Lactate dehydrogenase has been
explored as an anticancer target, with
decreased expression in xenograft
models resulting in lowered tumori-
genicity (/3).

A Glutamine Addiction?

Several cancers increase glutamine
consumption through induction of glu-
tamine transporters, as well as enhanced
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expression of enzymes that metabolize glutamine, namely
glutaminases and glutamate oxaloacetate transaminases. In
some cancer cells, withdrawal of glutamine results in cell
death. Enhanced glutamine metabolism is believed to be
a compensatory mechanism related to the flow of citrate out
of the tricarboxylic acid cycle, needed to provide acetyl-
CoA for fatty acid biosynthesis. Mitochondrial citrate can
either undergo oxidation in the mitochondria (via aconitase)
to isocitrate or be exported into the cytosol for lipogenesis.
Glutamine, converted to a-ketoglutarate, thus provides an
essential carbon source for the tricarboxylic acid cycle in
the tumor metabolic phenotype. This altered metabolism
may be driven by c-MYC, a transcription factor whose de-
regulation is common in cancer. MYC has been shown to
induce both the expression of glutamine transporters and
upregulation of glutaminases (/4,15).

Redox Adaptation

Radiation therapy, with or without concomitant hor-
monal therapy, is a mainstay of prostate cancer therapy. Of
newly diagnosed prostate cancer patients, approximately
30% have high-risk disease (stage T3—T4 or prostate-specific
antigen level > 20 wg/L or Gleason score of 8—10) and are at
risk for biochemical and clinical failure after therapy (/6).
Even with modern conformal radiation therapy, treatment
failure occurs in approximately 45% of patients with lo-
cally defined disease (/7). Increasingly, redox (reduction
and oxidation) mechanisms are considered critical in ra-
diation resistance (/8). The cytotoxic effect of radiation
therapy is mediated by generation of reactive oxygen spe-
cies in tissues, which cause oxidative damage in DNA,
proteins, and lipids, leading to DNA strand breaks, loss
of protein function, and membrane damage. Recently, it
has been demonstrated that reduced nicotinamide adenine
dinucleotide phosphate oxidase enzymes are upregulated
in response to androgens, stimulating the production of
stress molecules and antioxidative enzymes; inhibition of
these enzymes sensitizes human prostatic carcinoma (PC)
cells in vitro to radiation (/9). Additional studies have
found a critical role for glutathione in mediating radiation
resistance in prostate cancer (20,21). Intracellular redox
status is often characterized by the ratio of reduced to
oxidized glutathione, and decreasing this ratio in vitro
(by addition of selenite) was found to radiosensitize pros-
tate cancer cells. Elevated glutathione and other antioxi-
dants seen in cancer are increasingly viewed as redox
adaptation, which several new therapies aim to exploit,
including the thiol-depleting agent TDZD-8 (4-benzyl-2-
methyl-1,2,4-thiadiazolidine-3,5-dione) (22).

MOTIVATION FOR HYPERPOLARIZED '3C MR IMAGING

The extraordinary technique hyperpolarized MR using
DNP has the potential to revolutionize the way we use MR
imaging in the risk assessment of prostate cancer patients.
In particular, hyperpolarization addresses some of the
intrinsic limitations of '"H MRS, including low sensitivity,
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overlap of key resonances, and lack of information about
metabolic fluxes. Hyperpolarized '3C methodology is based
on polarizing nuclear spins in an amorphous solid state at
approximately 1.2 K through coupling of the nuclear spins
with unpaired electrons that are added to the sample via an
organic free radical. In the solid state, the high-electron-spin
polarization is in part transferred to the nuclear spins by
microwave irradiation, and then the sample is rapidly dis-
solved for injection into a system of interest (23). '3C-labeled
substrates have been recently polarized to obtain dramatic
enhancements of the '3C NMR signals (>50,000-fold at
3-T) of the substrate as well as subsequent metabolic products.
The enhancement that is achieved is lost in time as a function of
the spin-lattice relaxation time of the nucleus (T}).

Several of the previously discussed metabolic shifts have
been explored using hyperpolarized MR methods. Spe-
cifically, the glycolytic phenotype has been interrogated
by hyperpolarized [U-!3C, U-?H]glucose, hyperpolarized
[2-13Clfructose, hyperpolarized [1-13C]pyruvate, hyperpo-
larized [1-'3C]lactate, and hyperpolarized [1-!3C]alanine
(2). Hyperpolarized [1-'3C]pyruvate has been the most
widely used probe for in vivo studies since it polarizes well,
has a long T}, is rapidly taken up by the cell, and is metab-
olized at the juncture of glycolysis, the tricarboxylic acid
cycle, amino acid biosynthesis, and other critical pathways.
Numerous hyperpolarized [1-'3C]pyruvate studies have been
performed in transgenic and implanted tumors, perfused
organs, and engineered cell systems, or bioreactors. Increased
conversion of hyperpolarized [1-'3Clpyruvate to hyperpolar-
ized [1-'3C]lactate has been detected in a variety of preclinical
cancer models and found to correlate with tumor grade in
a transgenic adenocarcinoma of the mouse prostate (TRAMP)
model (24).

Probes to measure extracellular pH have also exploited
the Warburg phenotype. As stated previously, acidification
of the extracellular matrix is related, in part, to the export
of excess lactic acid generated by aerobic glycolysis. The
acidic tumor microenvironment may enhance both local
invasion and distant spread of disease (metastases). Numer-
ous other molecular imaging methods (including 3'P MRS
and PET-pHLIP [pH (low) insertion peptide]) have been de-
veloped to evaluate tumor acidity in vivo, but a recent prom-
ising method has used hyperpolarized '3C-bicarbonate. The
interconversion of bicarbonate and CO, is facilitated by the
family of carbonic anhydrases because the noncatalyzed
rate of interconversion is slow relative to the metabolic
fluxes. '3C-cesium bicarbonate was polarized by Gallagher
et al., rapidly converted to '3C-sodium bicarbonate using
an ion-exchange resin, and used to demonstrate cancer-
catalyzed interconversion both in vitro and in tumor-bearing
mice, demonstrating lower pH within tumor (25). The ratio
of BC-HCO; to 3CO, is governed by the Henderson—
Hasselbalch equation, and pH can readily be determined
from integrating the corresponding resonances on a voxel-
by-voxel basis. A subsequent study extended this ap-
proach to hyperpolarizing '3C-sodium bicarbonate itself
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and showing acidification of TRAMP tumors in a murine
cohort (26).

Enriched glutamine is also readily polarized using the
DNP technique, with hyperpolarized [5-!3C]glutamine
and a partially deuterated version, hyperpolarized [5-13C,
4-2H,]glutamine, both reported (27,28). The latter probe
was designed to increase the apparent T of the 13C nucleus,
since this parameter determines a probe’s useful hyperpo-
larized lifetime. Hyperpolarized glutamine has not yet been
reported in conjunction with preclinical models of prostate
cancer, but rapid glutaminolysis of the probe has been described
in both human hepatocellular carcinoma and brain tumor cells.

The redox adaptation of tumors may be explored using
approaches that target pools of intracellular antioxidants or,
directly, reactive oxygen species. The former approach is
highlighted by hyperpolarized [1-'3C]dehydroascorbate,
the oxidized form of vitamin C, which is rapidly taken into
cells by glucose transporters and reduced (29,30). This
conversion has been attributed to reduced glutathione, the
principal small-molecule thiol antioxidant in cells. Reduction
of hyperpolarized [1-'3C]dehydroascorbate takes place rapidly
in the brain, liver, kidneys, and prostate tumor in the TRAMP
model. Because the intracellular redox network is vast and
complex, it is unlikely that this conversion is dependent solely
on glutathione concentration or on the redox state of cells,
often defined as the ratio of glutathione to oxidized glutathi-
one. The exact mechanism of hyperpolarized [1-!3C]dehy-
droascorbate to hyperpolarized [1-'3C]vitamin C reduction
is currently under investigation, but it appears likely that this
conversion reflects the redox capacity of tissues in response
to the oxidant stressor dehydroascorbate. Other approaches
to imaging endogenous oxidizing species include hyper-
polarized '3C-benzoylformic acid, which decomposes to
a carboxylic acid (3C-benzoic acid), a reaction readily
observable by chemical shift (37). This method is far from
clinical application but highlights the way hyperpolarized
MR imaging may be used to target the chemical microen-
vironment of tumors.

BEYOND MODELS: NEW METABOLIC PLATFORMS IN
PROSTATE CANCER FOR HYPERPOLARIZED '3C MR

How well do commonly used prostate cancer models
recapitulate the human condition? Unfortunately, testing of
drugs using currently available preclinical models has not
resulted in effective therapies in the clinic, and the dearth of
relevant preclinical models has been identified as a limita-
tion in the development of new cancer drugs. Preclinical
prostate cancer models include monolayer primary and
immortalized cell cultures, cocultures of stromal and epithelial
cells, 3-dimensional cultures in matrices, and murine models
of disease. The hyperpolarized '*C MR literature is biased
toward animal models because of the interest in developing
robust hardware, pulse sequences, and imaging protocols
to prove that this nascent technology is readily clinically
translatable. Transgenic models of prostate cancer include
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the TRAMP mouse and phosphatase and tensin homolog
models, which recapitulate important features of human
prostate cancer but have significant limitations. Limitations
of these transgenic models include anatomic differences be-
tween the rodent and human gland, rapid progression to poorly
differentiated cancer, absence of bony metastases, and lack
of genetic heterogeneity, with oncogenes continuously “on”
throughout the gland. These differences make it difficult to
extend results obtained in transgenic models to human disease.

Frequently used prostate cancer cell cultures may also be
inadequate to recapitulate human disease, as it is difficult to
mimic the complex cell-cell and cell-matrix interactions
found in normal tissue. These differences were highlighted
by a recent study using primary human tissue slice cultures
(TSCs) in an MR-compatible bioreactor. The study com-
pared the metabolism of TSCs to snap-frozen, patient-
derived prostate biopsy samples, 2 common immortalized
prostate cancer cell-lines (PC-3 and VCaP), and primary
prostate cancer cells using 'H high-resolution magic angle
spinning (HR-MAS) spectroscopy (/7). Snap-frozen patient-
derived prostate biopsy samples were considered the gold
standard, since these have been shown to best reflect the in
vivo human prostate. The TSCs used were precision-cut
from fresh tissues obtained at the time of surgery and cul-
tured in a manner to provide optimum nutrient and gas
exchange. Steady-state concentrations of key metabolites
were compared, in general demonstrating that TSCs showed
similar '"H HR-MAS spectra to biopsy samples and that
immortalized cancer cell lines and primary cancer cells
showed significant differences from both TSCs and biopsies.
These data are summarized in Figure 2A. The first observa-
tion is related to citrate and polyamine resonances, hall-
marks of prostate metabolism seen by in vivo 'H MRS.
These metabolites were not detected in the immortalized
cell lines or primary prostate cancer cells but were found
in the biopsy samples and TSCs. Of note, citrate levels were
found to be lower in the TSCs than in biopsy samples,
possibly because of the different treatment of the tissues
before 'H HR-MAS (snap freezing vs. incubation in me-
dium). Second, lactate found in TSCs was on the same order
as their biopsy counterparts, with much higher levels found
in PC-3, VCaP, and primary prostate cancer cells. Third, the
steady-state glutamate concentrations were similar in TSCs
and biopsy samples, although dramatically different from
PC3 and primary cells (higher) and VCaP cells (lower).
Finally, for PC3 cells choline metabolism differed signifi-
cantly from the other tissues and cells studied. These
experiments highlighted the perils of translating
data obtained in cell cultures to the clinic. In particular,
the metabolic signatures of primary cell cultures did not
recapitulate those found in biopsy samples, which may re-
flect selection of the most aggressive cell phenotypes
in culture. Furthermore, these studies suggested that the
TSC platform may better approximate the human con-
dition than other available culture models. Bioreactor-
loaded TSCs were further interrogated with hyperpolarized
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FIGURE 2. Spectroscopic studies demonstrate challenges of studying metabolism
using cells in culture and validate tissue slices (TSCs) as platform for hyperpolarized
13C research. (A) Quantified metabolite ratios for benign and malignant prostate
tissues, obtained using 'H HR-MAS. Differences in metabolite ratios between TSCs
and snap-frozen biopsy samples are compared, as well as those obtained from
primary prostate cancer cells and immortalized cell lines PC3 and VCap. (B)
Metabolic study of TSCs on bioreactor platform using hyperpolarized [1-13C]
pyruvate. Both single spectrum acquired at 90 s and normalized dynamic data
show significantly increased conversion to hyperpolarized [1-'3C]lactate in
malignant TSCs. Ala = alanine; BY = biopsy samples; Cho = choline; Cit = citrate;
Glu = glutamic acid; GPC = glycerophosphocholine; Lac = lactate; Pol = polyamines;
Pyr = pyruvate.

[1-'3C]pyruvate, demonstrating increased pyruvate-to-lac-
tate flux that correlated with lactate dehydrogenase and
monocarboxylate transporter expression (Fig. 2B). These
methods may be further extended to biopsy samples them-
selves, with a potentially profound impact on patient care.
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FIGURE 3. Hyperpolarized '3C MRS study in human patient with biopsy-proven
Gleason grade 3 + 3 prostate cancer using 3-dimensional MRSI at a single time
point. This patient received highest dose of hyperpolarized [1-'3C]pyruvate (0.43 mL/kg).
Axial T2-weighted image through malignant region is juxtaposed with corresponding
13C spectral array, with area of putative tumor highlighted by pink shading. Increased
conversion to hyperpolarized [1-13C]lactate was seen in this region, consistent with
abnormalities found on multiparametric 'H staging examination. Lac = lactate; Pyr =
pyruvate; LDH = lactate dehydrogenase; NAD = nicotinamide adenine dinucleotide;
NADH = reduced nicotinamide adenine dinucleotide.
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HYPERPOLARIZED '3C MR
IMAGING IN PROSTATE
CANCER PATIENTS

A decade after the first demonstration
of dissolution-DNP by Ardenkjaer-
Larsen et al. (23), metabolic imaging
using hyperpolarized [1-!3C]pyruvate
was accomplished in prostate cancer
patients at the University of California
San Francisco (/). Importantly, this
study showed that injection of hyper-
polarized [1-'3C]pyruvate was safe in
31 patients with biopsy-proven local-
ized prostate cancer with a median
age of 63 y. Safety was important to
establish, given the difference in phar-
macologic dose between '3C hyper-
polarized MR and other metabolic
imaging technologies such as PET
(the difference between hyperpolar-
ized [1-13C]pyruvate and '8F-FDG
doses is on the order of 107). Both
2-dimensional dynamic MRSI and
single-time-point MRSI were demon-
strated, showing that in many cases
the observed hyperpolarized [1-13C]
lactate metabolite accurately reflected
the presence, location, and size of cancer
relative to surrounding benign tissues.
A study performed using the highest
hyperpolarized [1-'*C]pyruvate dose is
depicted in Figure 3. Significantly, in
several cases hyperpolarized 3C MRS
revealed regions of the prostate that were

previously missed by state-of-the-art "H multiparametric im-
aging that was performed as part of the clinical trial. This
study was highly promising and demonstrated the potential
to use hyperpolarized MR in a variety of clinical contexts
with altered glycolysis.

THE FUTURE

The development of rapid-dissolution
DNP methods has, in a short time,
afforded profound insights into pros-
tate cancer metabolism. These insights
have been obtained largely in pre-
clinical disease models, which reca-
pitulate several of the key metabolic
shifts found in cancer, namely accel-
erated glycolysis, glutamine consump-
tion, and redox adaptation. Metabolic
studies using both 'H and hyperpolar-
ized 13C spectroscopy have reinforced
the view that these models need to
better recapitulate human in vivo pros-
tate cancer, to provide an appropriate
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platform for biomarker identification and validation. We
anticipate that miniaturization of perfused cellular systems
will allow rapid metabolic characterization of human bi-
opsy samples, with the goal of tailoring therapy to individ-
ual patient phenotypes.

Although miniaturization is a significant goal in the
metabolic analysis of ex vivo samples, adaptation of preclinical
hyperpolarized MRS methods to humans requires significant
innovation. As the recent clinical trial using hyperpolarized
[1-13C]pyruvate suggests, several of these challenges have
already been met. Future efforts in humans will be driven
by new hyperpolarized probes, improved methods for po-
larization and delivery of '3C substrates, MR pulse sequen-
ces using sparse sampling techniques, parallel imaging
methodologies, and improved coil design. Importantly, con-
tinued attention to biochemical detail will be needed to
establish the clinical value of hyperpolarized '3C MRS along-
side existing 'H methods in the multiparametric prostate
MR examination.
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