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Abstract

New magnetic resonance (MR) molecular imaging techni-

ques offer the potential for noninvasive, simultaneous quan-

tification of metabolic and perfusion parameters in tumors.

This study applied a three-dimensional dynamic dual-agent

hyperpolarized 13C magnetic resonance spectroscopic imaging

approach with 13C-pyruvate and 13C-urea to investigate differ-

ences in perfusion and metabolism between low- and high-

grade tumors in the transgenic adenocarcinoma of mouse

prostate (TRAMP) transgenic mouse model of prostate cancer.

Dynamic MR data were corrected for T1 relaxation and RF

excitation and modeled to provide quantitative measures of

pyruvate to lactate flux (kPL) and urea perfusion (urea AUC)

that correlated with TRAMP tumor histologic grade. kPL values

were relatively higher for high-grade TRAMP tumors. The

increase in kPL flux correlated significantly with higher lactate

dehydrogenase activity and mRNA expression of Ldha, Mct1,

andMct4 as well as with more proliferative disease. There was a

significant reduction in perfusion in high-grade tumors that

associated with increased hypoxia and mRNA expression of

Hif1a and Vegf and increased ktrans, attributed to increased

blood vessel permeability. In 90% of the high-grade TRAMP

tumors, a mismatch in perfusion and metabolismmeasurements

was observed, with low perfusion being associated with increased

kPL. This perfusion-metabolism mismatch was also associated

with metastasis. The molecular imaging approach we developed

could be translated to investigate these imaging biomarkers for

their diagnostic and prognostic power in future prostate cancer

clinical trials. Cancer Res; 77(12); 3207–16. �2017 AACR.

Introduction

A pressing need facing the clinical management of prostate

cancer patients is an accurate method for distinguishing aggres-

sive, potentially lethal prostate cancer from indolent disease.

Prostate cancer is the second most prevalent cancer in American

men, with 1 in 6 being diagnosed, but is fatal in only 12%of these

cases (1). Active surveillance has emerged as an appropriate

management technique for patients in whom disease is likely to

be indolent (tumors � 0.5 cc and Gleason grade � 3þ3; ref. 2).

New focal therapy approaches are also being considered for men

with defined regions of localized intermediate risk prostate cancer

(moderate size cancerswith secondaryGleason4pattern) that can

be clearly identifiedon imaging (3, 4),whereas patientswithmore

aggressive but localized disease are treated with surgical or radio-

therapy. Therefore, the ability to localize and provide a nonin-

vasive imaging assessment of cancer aggressiveness has become

critically important for clinical management ofmenwith prostate

cancer. The current state-of-the-art for imaging localized prostate

cancer, multiparametric 1H MRI, has demonstrated the ability to

localize tumors for subsequent biopsy and treatment, but cannot

consistently grade tumor aggressiveness accurately in individual

patients (4).

Increasing evidence points to prostate cancer being a disease

strongly linked to abnormal metabolism due to changes in key

metabolic enzymes (5). Also, tumor microenvironment factors

such as perfusion (6) have been associated with the presence and

aggressiveness of prostate cancer. In this study, a new dual-agent

hyperpolarized (HP) 13C MRI approach was investigated to

characterize aggressive cancers based on their metabolic and

perfusion abnormalities and applied to a preclinical mouse

model of prostate cancer. The development and progression of

prostate cancer in the transgenic adenocarcinoma of mouse

prostate (TRAMP)modelmimicsmany aspects of humanprostate

cancer (7). Specifically, cancer development in the TRAMPmodel

is targeted to the prostate and tumors progress from primary

androgen dependent to large androgen-independent tumors with

metastases. In addition, most male TRAMP mice develop tumors

that are pathologically similar to human prostate cancer and are

large enough for MRI studies (8). Metabolically, the TRAMP

model has demonstrated changes in TCA metabolism and gly-

colysis associated with the evolution and progression of prostate

cancer in patients (7).

Hyperpolarized 13C MRI is a powerful new metabolic imaging

method that uses specialized instrumentation to provide signal
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enhancements of over 10,000-fold for 13C enriched, safe, endog-

enous, nonradioactive compounds (9). Although prostate cancer

is often inadequately evaluated using FDG-PET (which assesses

glucose uptake and phosphorylation; refs. 10, 11), HP 13C MR

detects downstreammetabolism, specifically themetabolicfluxof

HP 13C-pyruvate to lactate (kPL) catalyzed by lactate dehydroge-

nase (LDH). This method has shown great potential for not only

detecting prostate cancer, but for also assessing the aggressiveness

(pathologic grade) of the cancer (12). The "Warburg effect," an

elevation in glycolysis and lactate production in the presence of

oxygen, occurs in prostate cancer and is due to multiple factors,

including oncogenicmodulations, mitochondrial dysfunction, as

well as an adaptive response to the tumor microenvironment to

promote proliferation (13). A prior single time-point 13C mag-

netic resonance spectroscopic imaging (MRSI) study of hyperpo-

larized 13C-pyruvate metabolism in the TRAMP model demon-

strated a significant increase in hyperpolarized 13C-lactate in high-

versus low-grade prostate tumors (12). The unprecedented gain in

sensitivity provided by hyperpolarization can be combined with

fast spectroscopic 13C MRSI techniques to provide spatially

resolved dynamic data of hyperpolarized pyruvate metabolism

(14). These dynamic data can be fit to kinetic models (15) to

obtain the flux of HP 13C-pyruvate to lactate catalyzed by LDH

rather than a single time-point measurement of hyperpolarized
13C-lactate, which is very sensitive to differences in the timing of

probe delivery, and when the imaging data are acquired. Another

important feature of HP 13C MRSI is that it encodes chemical as

well as spatial information, thereby providing the potential for

usingmultiple hyperpolarized 13C-labeled agents to detect several

metabolic and/or physiologic processes simultaneously after the

injection of a single bolus (16). HP 13C-urea is not taken up and

metabolized by most tissues, and prior publications have dem-

onstrated that hyperpolarized 13C-urea provides a reproducible

and accurate assessment of blood perfusion in animal cancer

models (16, 17). Methods for copolarizing 13C-pyruvate and
13C-urea have been developed, successfully polarized, and

injected in preclinical models to simultaneously measure perfu-

sion and metabolism (16).

The goal of this study was to use a three-dimensional (3D)

dynamic, dual-agent, 13C-pyruvate and 13C-urea, HP 13C MRSI

approach to investigate differences in perfusion and metabolism

metrics between high- and low-grade tumors in the TRAMP

model.

Materials and Methods

Animal protocol and handling

All animal studies were conducted in accordance with

the policies of Institutional Animal Care and Use Committee

at University of California, San Francisco. The TRAMP model,

supplied by Roswell Park Cancer Institute, was generated in

a C57BL/6 background utilizing a transgene consisting of a

7426/28 bp fragment of the rat probasin (rPB) gene directing

the tissue-specific expression of simian virus 40 (SV40) early

genes (T/t antigens; Tag) to the mouse prostate epithelium to

abrogate the activity of the p53 and Rb tumor suppressors (8).

The 19 TRAMP mice utilized in this study were cannulated

using a 32-gauge IV catheter in the lateral tail vein and anes-

thetized with 1% to 1.5% isoflurane/100% oxygen at a rate of

1 L/min on a heated water bed to maintain physiological body

temperature.

MR imaging

The imaging studies were performed on a 3T MR scanner

(MR750, GE Healthcare) using a custom-built dual-tuned 13C-

proton quadrature murine coil. Dynamic HP 13C spectral data

were acquired after a tail vein injectionof 350mLof copolarized80

mmol/L [1-13C]pyruvate and 13C urea (details in Supplementary

Materials and Methods) using a 3D HP 13C compressed sensing

(CS) EPSI sequence (14) with a field of view (FOV) of 4 cm x 4 cm

x 8.6 cm, a spectral BW of 581 Hz, with a spatial resolution of 3.3

mm x 3.3 mm x 5.4 mm, and a temporal resolution of 2 seconds.

Eighteen time-points were acquired starting immediately after the

15-second injection. Anatomic reference images were acquired

using a T2-weighted Fast Spin Echo (FSE) sequence (spatial

resolution: 0.23 mm, FOV: 6 cm, TE/TR ¼ 102/5,821 ms).

Histopathologic analysis

TRAMP mice were euthanized and dissected within 6 hours

after the MRI study. To measure tumor hypoxia, Pimonidazole

(PIM) solution was injected approximately 45 minutes prior to

euthanization. Dissection was performed by an experienced

uro-oncologist, and digital images were taken as a reference for

localization and registration of tumor specimens. The excised

tissue was aliquoted for histochemical processing, gene expres-

sion, and activity analyses (details in Supplementary Materials

and Methods). The histologic index, as defined in Albers and

colleagues, was used to pathologically define high- versus low-

grade TRAMP tumors in this study (12). A histologic index was

calculated based on the weighted percentages of tumor differ-

entiation (normal, well-differentiated, moderately well differ-

entiated, and poorly differentiated) from standard hematoxylin

and eosin (H&E) staining. The histologic index ranged between

0 and 3, where 0 indicated that 100% of the tissue was normal

and 3 indicated that 100% of the tissue was poorly differen-

tiated. In the Albers' publication as in this one, the tumors were

dichotomized to be either low grade (index � 1) or high grade

(index � 2) in a manner that reflects the clinical pathologic

situation in which patients with Gleason score � 3þ3 are

considered to have low versus Gleason � 3 þ 4 high-grade

tumors. In all cases, the histologic assessments were determined

from what were considered globally representative sections of

the tumor masses.

Metastases were detected and enumerated at the time of

primary tumor dissection, by careful, systematic, visual inspec-

tion, and concomitant photography of the abdominal and

thoracic cavity contents, starting in the pelvic area with iden-

tification/inspection of pelvic and para-aortic lymph nodes,

then moving to the mid-abdomen with inspection of the

kidneys, perirenal lymph nodes, and mesentery, then moving

to the upper abdomen, removing the liver and inspecting the

surfaces of all its lobes, and lastly inspecting the thoracic cavity,

particularly the lungs for any parenchymal metastases and the

mediastinum area for any adenopathy. All visually identified

metastatic lesions were confirmed by subsequent histologic

examination.

Data processing

The HP MRSI data were reconstructed using a CS approach

(details in Supplementary Materials and Methods; ref. 18). As

shown in Fig 1, this processing resulted in 3D arrays (Fig. 1A) of

dynamic HP 13C spectra (Fig. 1B), demonstrating resonances due

to 13C-urea, [1-13C]alanine, [1-13C]pyruvate, and [1-13C]lactate.
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Coregistration of the histologic sections andHP 13CMRI data was

achieved by cutting multiple sections of tumors in the same axial

plane as the MRI images and taking care to mark various surfaces

of primary tumors in situ with surgical dyes. Where possible,

anatomic landmarks, such as urethra and bladder, were also

utilized to help register histologic cross-sections with the MRI

sections. Although data were zero filled for display purposes,

quantitation of the HP 13C MR data was performed using the

native acquisition resolution of the data. The ROIs incorporating

the tumor were defined using the anatomic T2w images as refer-

ence, and only voxels that were > 85% in the tumor were

quantified. Necrotic regions could be also visualized on the

T2w images, and these voxels were found to have low S/N, so

the spectral S/N filter (SNR < 4) employed removed necrotic

voxels from the analysis. All preprocessing of 13C data, including

reorganizing the k-space and l1-minimization and signal filtering,

were performed using MATLAB (Mathworks), and the data were

displayed using the open-source SIVIC package (19).

A

B

SagittalCoronalAxial

C kPL Urea AUC
0.100

0.075

0.050

0.025

C-13 Spectrum (ppm)

Urea

1
5

T
im

e 
fr
om

 B
O

I (
s)

5
1

Ala Pyr Lac
0

400

300

200

100

0
(sec 1) (AU)

Figure 1.

A, In vivo 3D 13C MR spectral arrays

shown at a single time point taken 20

seconds after injection of copolarizedHP
13C-pyruvate in the axial, coronal, and

sagittal planes overlaid on T2-weighted

anatomic references. The spectra have

an anterior–posterior and right–left

resolution of 3.3 mm and a superior–

inferior resolution of 5.4 mm. The

primary tumor is outlined in green. B,

Dynamic data (2s temporal resolution)

shown for a representative 0.059 cm3

voxel in the center of the TRAMP tumor

(red arrow) demonstrating resonances

of 13C-urea, [1-13C]pyruvate, and the

metabolic products [1-13C]lactate,

[1-13C]alanine. C, Corresponding axial

pyruvate-to-lactate conversion rate kPL
and ureaAUC images overlaid on T2-FSE

anatomic references, respectively.

Figure 2.

A, Dynamic hyperpolarized spectral data acquired after injection of HP [1-13C]pyruvate. B and C, Plot showing the raw signal intensities of pyruvate, lactate,

alanine versus time (solid line), and the correspondingmodeledmetabolic data (dash line) used to determine kPL (B) as shown in the flowdiagram (C) and described

in Materials and Methods. D, HP 13C urea signals were extracted from the tumor and from nearby vessels to define an AIF. E, Fitting dynamic models to urea

signal curves, with shaded region showing urea AUC. F, Two-compartment model for calculating the rate constant ktrans. AU, arbitrary units.
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Modeling of kPL and ktrans

HP [1-13C]pyruvate to [1-13C]lactate flux (kPL) was modeled

using a two-compartmentmodel as shown in Fig. 2C, described in

the following equations:

dMlac tð Þ

dt
¼ kPLMpyr tð Þ � 1=T1;lac

� �

Mlac ðAÞ

dMpyr tð Þ

dt
¼ � kPL þ kPAð ÞMpyr tð Þ � 1=T1;pyr

� �

Mpyr tð Þ ðBÞ

Mx
þ n½ � ¼ Mx

� n½ � � cos �n ðCÞ

Sx n½ � ¼ Mx
� n½ � � sin �n ðDÞ

where MxðtÞ is the longitudinal magnetization of metabolite

x, kPL is the pyruvate-to-lactate flux, kPA is the pyruvate-to-

alanine flux (Alanine was included in modeling), and T1,x is

the spin-lattice relaxation time. Mx
þ[n] and Mx

�[n] represent

the net HP 13C magnetization before and after the nth RF

excitation (with flip angle �n), and Sx½n� is the observed

metabolite signal.

Quantitatively, perfusion, and permeability can be reflected by

the dynamic bio-distribution of HP 13C-urea between blood and

tissue in vivo similar to the above equation (Fig. 2F).

dCtissue tð Þ

dt
¼ ktransCblood tð Þ � k2Ctissue tð Þ ðEÞ

where Cblood(t) represents the arterial input function (AIF),

Ctissue(t) is the time-resolved concentration in tissue, and ktrans
(20) and k2 are modified forward and reverse perfusion coeffi-

cients, respectively. In the nonlinear numerical fitting, the

reverse perfusion coefficient kep and the relaxation T1 are highly

linearly-dependent variables. Therefore, we combined kep and

T1 into a generalized term k2. The coefficient k2 reflects the

combined effect of physiology and longitudinal relaxation. The

summed HP 13C-urea peak area under dynamic curve (AUC)

was also calculated and normalized to kidney urea AUC.

Normalized urea AUC provides a measure of the tracer distri-

bution in tissue, whereas ktrans provides combined measure of

perfusion and permeability (20). For the AUC metric, although

a rigorous definition of timing requires an offset t0 in the

parameter models, the definition used should be reasonable

given the relatively consistent urea peak position (�3 seconds)

observed (Fig. 7).

Numerical fitting of the in-vivo dynamic data to the two-com-

partment model was performed using nonlinear least squares

algorithm for both dynamic HP [1-13C]pyruvate (Fig. 2B) andHP
13C-urea signals (Fig. 2E). The multiband variable flip excitation

scheme (u) and spin lattice (T1) relaxation times were taken into

account as sources of signal loss using a hybrid continuous-

discrete time dynamical system (15). The reverse flux of HP

[1-13C]lactate to HP [1-13C]pyruvate was excluded from the

models because it has been determined to be negligible in TRAMP

tumors (21), and a lower number of free variables improvesfitting

stabilization. The MATLAB-based fitting iterates until a local

minimum in object function is arrived from the initial values.

Statistical analyses

Average values of kPL, urea AUC, and urea ktrans were calculated

from the entire TRAMP tumor, excluding regions of necrosis,

using the T2-weighted anatomic reference image to identify the

tumor. Ki-67 and PIM immunohistochemical staining were

reported as the mean fraction of cells (average � stdev) staining

positive.mRNA expression data are reported as relative changes to

housekeeping genes. Significancewas reported using the standard

Mann–Whitney–Wilcoxon test comparing all measured para-

meters in low- versus high-grade TRAMP tumors (MATLAB) and

at 3 significance levels, i.e., P values of <0.05, P < 0.01, P < 0.001.

Results

Hyperpolarized 13C dynamic MRSI data were acquired on a

total of 19 TRAMP mice, 10 with high- and 9 with low-grade

tumors. The FOV of the dynamic CS-EPSI sequence (FOV—4 �
4 � 8.6 cm) enabled three-dimensional detection of hyperpolar-

ized 13C spectra throughout the primary tumor and from the

majority of mouse abdomen. Figure 1A shows representative HP
13C MR spectra in the axial, coronal, and sagittal planes acquired

21 seconds after the injection of HP [1-13C]pyruvate. Figures

1B, 2A, and 2D show representative dynamic HP 13C spectra

(2-second temporal resolution) taken froma single voxel from the

center of the TRAMP tumor shown in Fig. 1A (red arrow). The

dynamic HP 13C spectral acquisition started at approximately 15

seconds from the start of injection of the hyperpolarized solution,

at which time the HP [1-13C]pyruvate signal was near maximum

(t 	 15–20 seconds). Also at this time-point, the metabolic

products, HP [1-13C]lactate and [1-13C]alanine, were already

observed in the TRAMP tumor and reached maximum signal
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Figure 3.

Immunochemical staining of excised

representative low- and high-grade

TRAMP tumors; H&E section (A), Ki-67

staining (B), and PIM staining (C). The

micrographs in A–C were taken under

�200 magnification and PIM staining

(D) under �40 magnification.
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intensity at approximately 25 to 30 seconds and 30 to 35 seconds,

respectively. Similar to HP [1-13C]pyruvate, HP-13C urea had a

maximal signal intensity at approximately 15 to 20 seconds. The

timing of the dynamic data acquired for HP [1-13C]pyruvate,

[1-13C]lactate, [1-13C]alanine, and 13C-urea was not different

between low- and high-grade tumors.

Figure 2 depicts the analysis of the dynamic spectral data

including correction forT1 relaxation andflip-angle andmodeling

to provide quantitative measures of pyruvate-to-lactate rate con-

stants (kPL) and ktrans. Representative fits of the dynamic HP

[1-13C]pyruvate and HP 13C-urea data to obtain kPL and ktrans are

shown in Fig. 2B and E. Spatially interpolated maps of kPL and

urea AUCwere overlaid on the corresponding anatomic reference

image (Fig. 1C). The kPL and urea overlays were restricted to the

region of the tumor as identified on the T2-weighted anatomic

reference image. In Fig. 1C, the mismatch between urea AUC and

metabolism is clearly seen in comparing the kPL and urea AUC

images of the high-grade tumor. Areas of this TRAMP tumor that

demonstrated the lowest urea AUC (	75–100 units) also showed

the highest kPL (0.055–0.075 sec�1). This mismatch between

metabolism and urea AUC was observed in 9 of 10 of the

high-grade TRAMP tumors studied, and this mismatch was not

observed in any of the low-grade tumors. In addition, 50% of the

high-grade tumors demonstrated either lymph node or liver

metastases, with mice having low-grade tumors not demonstrat-

ing any metastases.

Representative immunochemical-stained tissue sections from

low- andhigh-grade TRAMP tumors are shown in Fig. 3. Similar to

the human prostate, normal murine prostate histology is highly

glandular with secretory epithelial cells lining glands and stromal

tissue supporting the glands (not shown). The H&E histologic

sections from the low- and high-grade tumors (Fig. 3A) depict the

gradual replacement of the secretory epithelial cells by less dif-

ferentiated epithelial cells until the glands were completely elim-

inated and only sheets of pleomorphic cells with irregular nuclei

remained in the high-grade tumors. High-grade TRAMP tumors

also demonstrated higher Ki-67 (Fig. 3B) and PIM (Fig. 3C)

staining as compared with low-grade TRAMP tumors.

Pyruvate to lactate flux images overlaid on corresponding

T2-FSE anatomic reference images from a representative low- and

a high-grade TRAMP tumor (Fig. 4A) demonstrated a heteroge-

neous but higher kPL flux in the high-grade tumor. Also in this

high-grade tumor, there was a region of necrosis observed at

pathology in the anterior aspect of the tumor associated with

undetectable kPL (red arrow). Pyruvate to lactate flux (kPL)

values (Fig. 4B) were significantly (P < 0.001) higher (0.056 �
0.005 sec�1 vs. 0.019 � 0.001 sec�1) for high- versus low-grade

TRAMP tumors with no overlap of individual kPL values between

the 2 groups in this study. The increase in kPL flux significantly

correlated with higher LDH activity (0.85 � 0.06 vs. low-grade:

0.43 � 0.03, mmol/L/mg protein/min, P < 0.001) in high- versus

low-grade tumors (Fig. 4D). Also, the high-grade TRAMP tumors

were found to bemore proliferativewith a significantly (P < 0.001)

larger portion of the tumor staining positive for Ki-67 than for low-

grade tumors (95�3%vs. 30�7%). Thealanine conversionwas 1

to 2 orders of magnitude smaller than kPL, and there was no

difference between high- and low- grade tumors (kPA low-grade:

0.002 � 0.001 sec�1, high-grade: 0.004 � 0.001 sec�1, P > 0.4).

Figure 5A shows urea AUC images overlaid on reference ana-

tomic images of the same animals shown in Fig. 4A, visually

demonstrating heterogeneous but higher urea AUC in the low-

versus high-grade tumor. A quantitative comparison of urea AUC

and ktrans for the low- and high-grade tumors is shown in Fig. 5B.

Urea AUC was significantly reduced (P < 0.01, 640 � 94 as

compared with the 1,407 � 221 AU), whereas ktrans significantly

increased (P < 0.01, 358� 38 as compared with 180� 24mL/dL/

min) in high- versus low- grade tumors. The hypoxia was also

significantly (P < 0.05) increased in high- relative to low-grade

prostate cancer (27 � 6% vs. 14 � 4% of the tumor staining

positive for PIM, respectively), as measured by PIM immuno-

histochemical staining (Fig. 5D). Interestingly, no significant

difference was found in microvessel density between high- and

low-grade TRAMP tumors (high-grade ¼ 14.3 � 1.7, low-grade

¼ 14.7 � 2.1 vessels/hpf 200x, P > 0.5).

Figure 6 summarizes the expression of key transporters and

enzymes associated with pyruvate transport and metabolism

(Mct1 and Mct4, Ldha, and Ldhb) and of factors affected by the

hypoxic tumor microenvironment (Hif1a and Vegf). Expression

of the monocarboxylate transporters Mct1 and Mct4 was signif-

icantly upregulated (Mct1: 2.75 � 0.72-fold, P < 0.05, Mct4:

20.7 � 7.12-fold, P < 0.01) in high- versus low-grade TRAMP

tumors. Ldha was significantly increased 1.98 � 0.22-fold
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Figure 4.

A, Representative calculated pyruvate-

to-lactate flux (kPL) images overlaid

on corresponding T2-FSE reference

images from a low-grade (left) and a

high-grade (right) TRAMP tumor. At

pathology, a region of necrosis was

observed in the anterior aspect of the

tumor (red arrow).B,Box plots showing

individual (diamonds), median, and

standard deviation kPL flux

measurements in the 9 low-grade

and 10 high-grade TRAMP tumors.

C, A bar plot showing the fraction

of cells staining positive for Ki-67

(mean � SE). D, LDH activities

for the same TRAMP tumors.

 , significantly different; P < 0.001.
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(P < 0.01) and Ldhb significantly decreased to 0.13 � 0.05- fold

(P< 0.01), leading to adramatic 15.0� 4.8-fold increase (P<0.001)

in theLdha/Ldhb ratio inhigh- versus low-gradeTRAMPtumors.Due

to increased hypoxia in the tumor microenvironment (higher PIM

staining), there was a significant 3.64 � 0.55-fold (P < 0.01) and

6.40 � 1.82-fold (P < 0.01) increase in Hif1a and Vegf expression,

respectively, in high- versus low-grade TRAMP tumors.

Discussion and Conclusions

An accurate assessment of the aggressiveness of prostate cancer

requires the complete coverage of the prostate at high spatial

resolution due to the often small, multifocal, and biologically

diverse nature of this disease. In this study, a volumetric dynamic

dual-agent hyperpolarized 13C spectroscopic imaging approach

using 13C-pyruvate and 13C-urea to simultaneously image

changes in urea AUC and pyruvate metabolism with prostate

cancer progression was performed for the first time in a transgenic

murine model of prostate cancer. The 20,000- to 40,000-fold

enhancement in signal-to-noise relative to the respective thermal

MR signals at 3T provided by the copolarization of 13C-pyruvate

and 13C-urea combined with fast volumetric 13C spectroscopic

imaging allowed for both high spatial (0.06 cm3) and temporal (2

seconds) resolution imaging data to be acquired throughout the

primary prostate tumor and the body of themouse. This dynamic

metabolic and perfusion data were fit to kinetic models (15) to

obtain the flux of HP 13C-pyruvate to lactate (kPL) catalyzed by

LDH and ktrans, a measure of both perfusion and vascular perme-

ability. In addition, an estimate of tumor urea tissue distribution

was calculated using the area under curve of hyperpolarized 13C-

urea signal (16, 17).Moreover, the ability to dynamicallymeasure

ureadelivery, tissuedistribution, andpyruvatemetabolismallows

for differences in the timing of hyperpolarized probe delivery and

metabolism that can occur between individual subjects. Although

these differences in dynamics were small (2–5 seconds), they can

add substantially to the variability of single time-point hyperpo-

larized 13C-lactate to 13C-pyruvate ratio measurements, because

the 13C-pyruvate signal is dramatically decreasing due to T1
relaxation and metabolism during the spectral acquisition (12).

There is growing evidence that the upregulation of aerobic

glycolysis and increased lactate production and efflux is an adap-

tation of cancer cells that aids in survival, growth, and metastasis

andoften leads to poor response to therapy (22, 23). The results of

this study indicate that increased hyperpolarized 13C-pyruvate to

lactate flux (kPL) is associated with more aggressive prostate

cancer. Specifically, the kPL was 3-fold higher in high- relative to

low-pathologic grade prostate tumors, with no overlap between

kPL values from individual high- and low-grade tumors. High-

grade TRAMP tumors were also more proliferative, having 3-fold

higher Ki-67 staining than low-grade tumors. In concordancewith

the HP 13C-pyruvate-to-lactate metabolism data, there was a

2-fold increase in tissue LDH activity, as measured ex vivo, in the

same high- relative to low-grade tumors. Because the measure-

ment of HP lactate signal generation is in non–steady-state
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Figure 5.

A, Representative calculated urea AUC

images overlaid on the corresponding

T2-FSE anatomic reference images

from a low-grade (right) and a high-

grade TRAMP tumor. B, Bar plots

showing average � SE for urea AUC

and ktrans. P < 0.01. AU, arbitrary units.

C, Fraction of cells staining positive

for PIM in the 9 low-grade and

10 high-grade TRAMP tumors studied.

P < 0.05. D, No difference found in

representative microvascular density

(MVD) assessed by CD31 IHC staining

(3 high-grade vs. 3 low-grade).

 , significantly different.

Figure 6.

A, mRNA expression level � SE

of Hif1a (P < 0.01), Ldha (P < 0.01),

Ldhb (P < 0.01), Vegf (P < 0.01),

Mct1 (P < 0.05), and Mct4 (P < 0.01) for

the 9 low-grade and 10 high-grade

TRAMP tumors studied; values given are

relative percent expression normalized

to m.Hprt. B, Ldha/Ldhb ratio (P < 0.01)

for the same TRAMP tumors.

, significantly different.
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dynamics, increased LDH activity is amajor factor contributing to

the increase in the observed HP lactate signal in high-grade

TRAMP tumors. The increased HP 13C-lactate signal observed in

high- versus low-grade prostate cancer was also associated with

increased mRNA expression of lactate dehydrogenase-A (Ldha),

decreased expression of Ldhb, as well as increased monocarbox-

ylate transporters (Mct1 and Mct4) that have a role in both

pyruvate uptake and lactate export (5). LDHA and B are respon-

sible for encoding the M and H subunits of LDH, and the high

Ldha/Ldhb expression ratioobserved inhigh-grade TRAMP tumors

leads to the production of a predominance of the LDH5 isoen-

zyme (5M subunits) favoring increased lactate production. In

patient studies, a high-serum LDH level is associated with aggres-

sive disease and a poor survival for a variety of cancers (24, 25)

including prostate cancer (26), and inhibition of the LDH-cata-

lyzed production of lactate has become a therapeutic target

(27, 28). Studies using patient biopsies and prostate tissue slices

removed at surgery have demonstrated increased steady-state

pools of lactate, HP 13C-lactate production, increased LDH activ-

ity, and increased mRNA expression of LDHA andMCT1 and 4 in

prostate cancer tissues similar to what has been observed in the

TRAMP model used in this study (29). Moreover, the kPL fluxes

observed in this preclinical study were in line with what was

calculated from 2D dynamic HP 13C MRSI studies in a phase 1

clinical trial of hyperpolarized [1-13C]pyruvate in patients with

prostate cancer (0.045 � 0.025 s�1; ref. 30). However, no corre-

lation of kPL with tumor grade was performed in these prior

preclinical and clinical studies.

The 6-fold increase in Mct4 observed in high-grade TRAMP

tumors results in increased export of lactate out of the cells, which

is important to sustaining a high glycolytic flux (31). Tumor

excretion of lactic acid, combined with poor tumor perfusion,

results in an acidic extracellular pH in tumors compared with

normal tissue (16, 32), and this acidification of the tumor micro-

environment has also been shown to occur in the TRAMP model

(33). The resulting acidic environment promotes cancer aggres-

siveness and metastasis by facilitating a degradation of the extra-

cellular matrix by proteinases (34, 35), increasing angiogenesis

through the release of VEGF (36), and inhibiting the immune

response to tumor antigens (37). Extracellular acidification also

may render tumors chemo-resistant (37). Taken together, these

observations suggest that not only increased lactic acid produc-

tion, but also its efflux are important parameters associated with

aggressive prostate cancer (38, 39). Moreover, tumor-specific

metabolic shifts, such as increased production and efflux of

lactate, can potentially be exploited for cancer therapy with

minimal impact on normal tissues (32).

Hypoxia is a feature of many human cancers and has been

implicated as an important biologically modulator of aggres-

siveness, clinical behavior, and treatment response in prostate

cancer (40, 41). This study found a significant reduction in urea

AUC in high- relative to low-grade TRAMP tumors, and an

associated significant increase in hypoxia as measured by

increased PIM staining. The oxygen-sensitive HIF1a transcrip-

tion factor has been found to be upregulated in regions of

tumor hypoxia and increases the expression of angiogenesis

factors such as VEGF to increase oxygen delivery as well as

increasing aerobic glycolysis through increasing expression and

activity of key enzymes in the glycolytic pathway, including

LDH (38). Consistent with this scenario, a significant increase

was also observed in the mRNA expression of Hif1a, Vegf, and

Ldha, as well as an increase in LDH activity in high- versus low-

grade TRAMP tumors. Hypoxic prostate cancers, which induce

HIF1a and glycolysis most strongly, tend to be of higher

Gleason grade, are more invasive and metastatic, and less

responsive to therapy than those with normal oxygen levels

(41, 42).

Fitting the dynamicHP 13C-urea to a Tofts-like 2–compartment

model (20) demonstrated that ktranswas significantly increased in

high- versus low-grade prostate cancer. The parameter ktrans repre-

sents the transfer of the contrast agent, hyperpolarized 13C-urea,

from the vasculature into the extravascular space and is therefore a

function of both perfusion and permeability. Therefore, the

observed increase in ktrans is presumably due to vascular hyper-

permeability in high-grade TRAMP tumors, which is also consis-

tent with increased expression of Vegf in high-grade tumors. The

urea ktrans data are also consistent with prior gadolinium dynamic

contrast-enhanced MRI studies of prostate cancer patients, in

which high-grade prostate tumors demonstrated the earliest and

greatest rate of enhancement and ktrans (43, 44). Although ktrans
significantly increases, urea AUC significantly decreases in high-

grade TRAMP prostate cancer tumors. The explanation for the

decrease in urea AUC is the higher clearance of urea from high-

versus low-grade tumors as observed in Fig. 7A and B. The

increased rate of urea clearance (kep) was most likely due to a

dramatic increase in the cellularity of high-grade TRAMP tumors

Figure 7.

Mean urea dynamic data (solid lines:

blue, AIF; gold, tumor) for low-grade

(A) and high-grade (B) TRAMP

prostate tumors were fitted and ktrans

and k2 parameters calculated (high-

grade ktrans ¼ 344, k2 ¼ 4,380; low-

grade ktrans ¼ 163, k2 ¼ 819). The fit

curves were extrapolated to the bolus

arrival time at t ¼ 5(s). In high-grade

tumors, higher cellularity contributes to

more rapid clearance of urea and low

AUC (high-grade urea AUC ¼ 1,407 �

221; low-grade ¼ 640 � 94).
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and a decrease in extravascular extracellular space (EES) and

associated urea tissue distribution volume VT (VT ¼ ktrans=kepÞ.

Themeasurement of kepwas not directly possible in this study due

to the fact that k2 in our modeling was a lumped coefficient, that

included urea clearance (kep) but was also heavily affected by urea

T1 relaxation and other signal loss mechanisms (Fig. 7; ref. 17).

Another important finding of this study was that there was

significant heterogeneity (>2-fold) of kPL and urea AUC in indi-

vidual TRAMP tumors, with 90% of the high-grade TRAMP

tumors demonstrating regions that had areas of the lowest urea

AUC having the highest kPL. Moreover, 50% of the high-grade

TRAMP tumors demonstrated either lymph node or liver metas-

tases, whereas none of the low-grade tumors demonstrated a urea

AUC–kPL mismatch nor any metastases. Although perfusion and

metabolism are tightly coupled in most normal tissues, mis-

matches have been observed in a variety of tumors including

lung, breast, liver, colon, and head and neck cancers, and this

mismatch was associated withmore aggressive disease (45, 46). A

perfusion–metabolism mismatch, specifically, a high glycolytic

rate relative to lowperfusion, has been imaged in locally advanced

breast cancer by 15O-water and 18F-FDG PET; this was associated

with poor response to treatment and early relapse or disease

progression (45, 46). This study demonstrated that the urea

AUC–kPLmismatch was similarly associated with aggressive pros-

tate cancer in the TRAMP model. However, the relationship

between urea AUC–kPL mismatch and aggressive prostate cancer

needs to be validated, and the relationship between urea AUCand

more conventional measurement of perfusion or blood flow

needs to be determined in future patient studies.

The TRAMPmurinemodel used in this preclinical study, like all

preclinical models, has its limitations. Most importantly, disease

progression in thismurinemodel is faster thanwhat is observed in

prostate cancer patients, with prostate cancer progressing from

early-stage to late-stage disease in a matter of weeks instead of

years. Although the pathologic progression of disease in this

model mimics the human situation, it progresses from an admix-

ture of normal glandular tissue and cancer to large areas of densely

packed malignant cells in a much shorter period of time. Early-

and late-stage disease is more homogenous in the TRAMPmodel

than in the human situation due to a lower incidence of coexisting

benign prostate tissue, early and late stage cancer. In addition,

although there are significant lymph node metastases in the

TRAMP model and some liver metastases, similar to the human

situation, there are virtually no bone metastases, unlike the

human situation. The data acquisition scheme and the compart-

mental modeling approach used in this study represented a trade-

off between several factors. The dynamic data acquisition scheme

utilized double spin-echo refocusing (47) in order to provide

improved SNR for individual images, but at the expense of

saturating signals at the edges of the RF coil, requiring the

acquisition to start at the end, and causing loss of the earliest

points of the dynamic data. With this acquisition approach, we

found that a two-site unidirectional pyruvate-to-lactate model

provided the most robust and reproducible fits. Our approach

also did not use information from the AIF. There is potential to

improve the kinetic modeling of metabolism and perfusion with

acquisitions capturing the bolus input signal, incorporating the

AIF, and by using advanced modeling methods such as those

presented in Kazan and colleagues (48), Khegai and colleagues

(49), and Bankson and colleagues (50).

In summary, the pathologic grade dependence of hyperpolar-

ized pyruvate-to-lactate flux, urea ktrans, and AUC were measured

in a single imaging acquisition after administration of hyperpo-

larized 13C-pyruvate and 13C-urea in a transgenicmousemodel of

prostate cancer. HighHP 13C-pyruvate to 13C-lactate flux, low 13C

urea AUC, and high forward perfusion coefficient (ktrans) were

found to be biomarkers of high-grade prostate cancer in this

preclinical study. In addition, a substantial mismatch in urea

AUCandahighpyruvate to lactatefluxobserved in this studywere

associated with highly proliferative disease with increased metas-

tases. These hyperpolarized imaging biomarkers of aggressive

prostate cancer, and their relationship to the perfusion–metabo-

lism mismatch observed in prior studies, will clearly need to be

better understood and validated in future patient studies. The

likelihood of translating this hyperpolarized dual-agent MR

approach is high because HP 13C-pyruvate is already FDA IND-

approved for ongoing clinical trials, and 13C-urea has an excellent

safety profile and is administered clinically at doses even higher

than would be used for hyperpolarized MRI.
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