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Abstract

This first-in-man imaging study evaluated the safety and feasibility of hyperpolarized

[1-13C]pyruvate as an agent for noninvasively characterizing alterations in tumor metabolism for

patients with prostate cancer. Imaging living systems with hyperpolarized agents can result in
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more than 10,000-fold enhancement in signal relative to conventional magnetic resonance (MR)

imaging. When combined with the rapid acquisition of in vivo 13C MR data, it is possible to

evaluate the distribution of agents such as [1-13C]pyruvate and its metabolic products lactate,

alanine, and bicarbonate in a matter of seconds. Preclinical studies in cancer models have detected

elevated levels of hyperpolarized [1-13C]lactate in tumor, with the ratio of [1-13C]lactate/

[1-13C]pyruvate being increased in high-grade tumors and decreased after successful treatment.

Translation of this technology into humans was achieved by modifying the instrument that

generates the hyperpolarized agent, constructing specialized radio frequency coils to detect 13C

nuclei, and developing new pulse sequences to efficiently capture the signal. The study population

comprised patients with biopsy-proven prostate cancer, with 31 subjects being injected with

hyperpolarized [1-13C]pyruvate. The median time to deliver the agent was 66 s, and uptake was

observed about 20 s after injection. No dose-limiting toxicities were observed, and the highest

dose (0.43 ml/kg of 230 mM agent) gave the best signal-to-noise ratio for hyperpolarized

[1-13C]pyruvate. The results were extremely promising in not only confirming the safety of the

agent but also showing elevated [1-13C]lactate/[1-13C]pyruvate in regions of biopsy-proven

cancer. These findings will be valuable for noninvasive cancer diagnosis and treatment monitoring

in future clinical trials.

Introduction

Prostate cancer is one of the most common cancers, with more than 200,000 new cases

being reported annually in the United States (1). Owing to increased screening using serum

prostate-specific antigen (PSA) and extended-template transrectal ultrasound (TRUS)–

guided biopsies, patients with prostate cancer are being identified at an earlier and

potentially more treatable stage (2). Once detected, the decision on how to manage prostate

cancer poses a dilemma because there is a tremendous range in biologic diversity. They are

treated with a broad spectrum of approaches from “active surveillance” to more aggressive

surgical, radiation-based, and other focal therapies (3, 4). Such therapies have trade-offs

because, no matter how well they are delivered, there can be changes in health-related

quality of life (5). In practice, many prostate cancers follow an indolent course that would

not threaten the duration or quality of lives for the affected men, but the natural history of

individual tumors is difficult to predict using currently available prognostic data (6, 7).

Conversely, between 22 and 35% of men presenting with clinically advanced prostate

cancer, who are treated with what was thought to be definitive radiation or surgery, suffer a

posttreatment biochemical recurrence (8). The ability to predict outcome for individual

patients and thereby select the most appropriate treatment is a critically important, but so far

unmet, clinical need.

Although noninvasive imaging is used to assess prostate cancer, conventional techniques

have limited value for assessing prognosis, and there is no widely accepted modality that

provides information about aggressiveness and response to therapy (9). Proton magnetic

resonance spectroscopic imaging (1H MRSI) has been applied to assess the metabolic

properties of localized prostate cancer and, although it has shown clear advantages over

anatomic imaging alone (10), is limited by its relatively low spatial resolution and

acquisition time, which is in the range of 10 to 20 min (11). 18F-Fluorodeoxyglucose
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positron emission tomography provides information about increased glucose uptake and

phosphorylation, but has been shown to inadequately evaluate the presence and

aggressiveness of prostate cancer because of both its relatively low uptake and collection in

the bladder (12).

Hyperpolarized 13C MRI is a new molecular imaging technique with an unprecedented gain

in signal intensity of 10,000- to 100,000-fold (13) that can be used to monitor uptake and

metabolism of endogenous biomolecules (14, 15). The magnitude of the increase in

sensitivity depends on the degree of polarization that is achieved, the T1 relaxation time of

the 13C agent, the delivery time, and the MR methods applied. Hyperpolarized agents are

generated by mixing 13C-labeled compounds with an electron paramagnetic agent (EPA),

placing them in a 3.35-T magnetic field, cooling to ∼1 K, and using microwaves to transfer

polarization from the electron spin of the EPA to the 13C nuclei of the biomolecule (13).

Once the polarization has reached the required level, the sample is rapidly dissolved with

hot, sterile water and neutralized to physiological pH, temperature, and osmolarity.

Intravenous injection of the hyperpolarized solution and observation using 13C MR allow its

delivery and metabolic products to be monitored (15). The data must be obtained as rapidly

as possible after dissolution because the enhancement decays at a rate determined by the T1

relaxation time of the agent, which is about 60 s for [1-13C]pyruvate at 3 T. Translation of

hyperpolarized technology into human subjects has been challenging because it requires

specialized instrumentation to prepare the agent in a sterile environment, filter out the EPA,

perform quality control (QC), and rapidly deliver samples to the patient.

The acquisition of 13C data can be achieved using commercially available MR scanners in

conjunction with specialized pulse sequences (16) and radio frequency coils designed to

transmit and receive at the appropriate frequency. Increased signal from hyperpolarized

[1-13C]lactate has been observed in preclinical models of prostate cancer relative to normal

tissues, owing to both increased uptake of [1-13C]pyruvate via monocarboxylate transporters

1 and 4 (MCT1 and MCT4) and increased expression of LDH-A and activity of lactate

dehydrogenase (LDH) (17). Levels of hyperpolarized [1-13C]lactate and the flux of

[1-13C]pyruvate to [1-13C]lactate increase with cancer progression (pathologic grade) (18)

and reduce after therapy (19, 20).

The primary goal of this first-in-human study was to demonstrate the safety and feasibility

of hyperpolarized [1-13C]pyruvate injections in men with prostate cancer. After establishing

the maximum of three dose levels that could be safely delivered, the secondary aims were to

evaluate the kinetics of delivery to the prostate and assess differences in [1-13C]lactate/

[1-13C]pyruvate for regions of cancer versus other tissues. Successfully demonstrating that

the technology can be applied to humans provides the opportunity to use it for detecting and

staging cancer, as well as detecting tumor progression and monitoring response to therapy.

Results

Study design: Doses delivered and data acquisition

There were 31 patients with untreated, biopsy-proven localized prostate cancer who received

an injection of hyperpolarized [1-13C]pyruvate. Their median age was 63 years (range, 45 to
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75), median PSA was 5.9 ng/ml (range, 1.88 to 20.2), and median LDH was 141 IU/liter

(range, 109 to 261). Twenty-three of them had a diagnosis of Gleason grade 6 tumor, 6 had

Gleason grade 7 tumor, and 2 had Gleason grade 8 tumor. The initial (phase 1) component

of the study used a standard dose escalation design (Table 1), with six subjects being

evaluated at each of three ascending doses. Dose levels were chosen on the basis of the

range that had been shown to be safe in previous studies that did not include imaging but did

inject nonlabeled pyruvate at the same concentrations, pH, and delivery rate (Supplementary

Methods). At each dose, three patients were scanned with a dynamic 13C sequence that

provided localization to one-dimensional (1D) slices through the prostate, and three patients

were scanned with a 13C sequence that provided 2D or 3D spatial localization at a single

time point. An additional 13 subjects were evaluated at the highest dose level in phase 2

with a mixture of dynamic and single–time point 13C MR sequences. The specialized 13C

volume transmit coil and dual 1H/13C endorectal coil that were designed and built for this

study are shown in Fig. 1, A to C. These functioned well and allowed 1H images and 13C

spectral data to be acquired from all subjects.

Hyperpolarized pyruvate polarization and delivery

For the 31 samples injected into patients, the average polarization was 17.8% (range, 15.9 to

21.1), pH was 7.6 (range, 7.3 to 8.0), temperature was 32.4°C (range, 28.8 to 36.4), and

volume was 51.9 ml (range, 31.9 to 53.5). QC criteria were defined as follows: polarization

to be not less than 15%, pH in the range of 6.7 to 8.0, sample temperature in the range of 25°

to 37°C, and residual EPA concentration no higher than 3.0 μg. The mean times for getting

the sample to the patient are seen schematically in Fig. 1D: the dissolution took an average

of 17.8 s (range, 5 to 30), the QC process 13.1 s (range, 10 to 19), delivery through the hatch

into the scan room 21.8 s (range, 11 to 30), and injection 14.9 s (range, 6 to 28). Overall, this

gave an average of 67.6 s (range, 43 to 88) to deliver the agent to the subject. The

parameters for individual patients are given in table S1. The mean injection volumes for the

patients studied at each dose were 11.8 ml (range, 10 to 14), 26.8 ml (range, 22 to 33), and

34.5 ml (range, 29 to 46), with mean injection times of 8.5 s (range, 6 to 10), 14.8 s (range,

10 to 27), and 12.5 s (range, 1 to 28), respectively. Variation in injection times reflected

differences in the volume delivered, as well as in the time for drawing the material from the

drug product vessel into a syringe and performing the manual injection.

Patient toxicities

Vital signs were monitored before and immediately after the imaging examination, with

subsequent telephone follow-ups over a period of 7 days to check for evidence of adverse

events. In phase 1 of the study, there were a total of 10 adverse events in eight patients (table

S2). These were all considered mild events and were classified as grade 1 by Common

Terminology Criteria for Adverse Events (CTCAE) v4.0.criteria (21). The highest dose of

[1-13C]pyruvate (0.43 ml/kg) was selected for further study on the basis of the higher signal-

to-noise ratio (SNR) of hyperpolarized [1-13C]pyruvate that was observed. In phase 2, there

were an additional 10 events observed in five patients, but, again, none of them were

considered to be dose-limiting toxicities (DLTs). The single episode of dizziness that was

seen in one patient during phase 2 was attributed to extra dosing of atenolol, which was used

by the subject to reduce anxiety rather than the hyperpolarized agent. There was one episode
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of grade 2 diarrhea reported in the phase 2 component, which was attributed to an enema

that the patient received.

1D dynamic MRSI

The purpose of the 1D spatially localized dynamic data was to establish the time course of

delivery of the agent. The acquisition provided spectra from an axial slab that covered the

prostate and surrounding tissues and applied echo planar encoding from slices in the right-

left direction at a 3-s time resolution. These dynamic data demonstrated reproducible

delivery of hyperpolarized [1-13C]pyruvate to the prostate and its conversion to

hyperpolarized [1-13C]lactate. Figure 2A shows a representative scan from a patient with

PSA of 12.2 ng/ml, who had a small volume of biopsy-proven prostate cancer (Gleason

grade 4 + 3) in the left midgland and received the lowest dose of 0.14 ml/kg.

Representative 13C spectra from the same patient taken from a slice including the tumor 36 s

after injection demonstrated peaks corresponding to [1-13C]pyruvate [173 parts per million

(ppm)] and [1-13C]lactate (185 ppm) (Fig. 2B). Spectra from the contralateral side of the

prostate demonstrated only [1-13C]pyruvate. A plot of spectral peak heights from the slice

overlapping the tumor is shown in Fig. 2C and from the slice on the contralateral side of the

gland in Fig. 2D. In both cases, [1-13C]pyruvate arrived at about 20 s and reached a

maximum at 24 s. [1-13C]Lactate reached a maximum signal plateau at about 30 s after the

end of injection.

For the patients who had unambiguous regions of tumor, the maximum SNRs of

[1-13C]pyruvate and [1-13C]lactate in slices containing tumor were 101.3 (range, 31.6 to

192.1) and 19.5 (range, 12.5 to 33.5), respectively. Fitting the time course of changes in

peak heights using a previously published two-compartment kinetic model (22) resulted in

an estimated mean T1 of [1-13C]pyruvate and [1-13C]lactate of 29.2 ± 5 s and 25.2 ± 5 s

(SD), respectively, and a mean [1-13C]pyruvate to [1-13C]lactate conversion rate constant of

0.013 ± 0.003 s−1 (SD) (range, 0.009 to 0.016).

2D dynamic MRSI

A concern with the 1D localized dynamic MRSI data was that the contribution from

hyperpolarized signals in tissues outside the prostate could confound the interpretation of

estimated parameters. Therefore, five patients in phase 2 were studied with 2D spatially

localized dynamic data. One of these patients had a PSA of 3.6 ng/ml and biopsy-proven

prostate cancer in the left apex (Gleason grade 3 + 4) with an associated focus of reduced

signal intensity on the anatomic images obtained during the MR staging examination (Fig.

3A). Hyperpolarized [1-13C]pyruvate and [1-13C]lactate from voxels in the prostate (Fig.

3B), the tumor (Fig. 3C), and a vessel outside the prostate (Fig. 3D) demonstrated a similar

time course of delivery of the agent. There was increased conversion of [1-13C]pyruvate to

[1-13C]lactate in the tumor (Fig. 3C), with the [1-13C]pyruvate reaching a maximum by 18 ±

4 s and the [1-13C]lactate reached a maximum at 27 ± 2 s after the start of acquisition, which

was 5 s after the end of injection. After adjusting for additional delay, the timings of

maximal signal are similar to those for the 1D dynamic data. Overall, the rate constant

(mean ± SD) was 0.045 ± 0.025 s−1 for [1-13C]pyruvate to [1-13C]lactate in tumor voxels

and 0.009 ± 0.003 s−1 for voxels coming from regions that included blood vessels.
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Single–time point MRSI

The purpose of the single–time point spatially localized data was to compare the relative

levels of [1-13C]lactate and [1-13C]pyruvate in regions of tumor versus normal prostate and

surrounding tissue. For the phase 1 study, the MRSI acquisitions were initially started at

about 30 s after the end of the injection. The maximum SNR for [1-13C]pyruvate peaks in

the prostate for the three patients evaluated in phase 1 with single–time point spatially

localized MRSI doses of 0.14, 0.28, and 0.43 ml/kg were in the range of 4.5 to 8.4, 6.5 to

10.6, and 14.3 to 25.4, respectively. Hence, although [1-13C]lactate peaks were observed in

tumor voxels at the two lower doses, the higher levels of [1-13C]pyruvate at 0.43 ml/kg

allowed for a more reliable estimate of the ratio of [1-13C]lactate/[1-13C]pyruvate. In the

following discussion on variations in this ratio in the prostate gland, we focus on the results

from single–time point MRSI data that were obtained at the highest dose during phases 1

and 2 of the study.

Representative 2D MRSI data are shown in Fig. 4. The patient had a serum PSA of 9.5

ng/ml and bilateral biopsy-proven Gleason grade 3 + 3 prostate cancer. The T2 images,

apparent diffusion coefficient (ADC) images, and 1H spectra from the staging examination

demonstrated an abnormal lesion, but only on the right side of the gland (Fig. 4). The 13C

spectra were acquired from 33 to 45 s after the end of the injection, and the corresponding

[1-13C]lactate/[1-13C]pyruvate image overlay, which highlights in color regions with a ratio

of more than 0.6, demonstrated bilateral areas of hyperpolarized [1-13C]lactate. The median

[1-13C]lactate/[1-13C]pyruvate ratios were 0.94 (range, 0.85 to 1.25) on the right side and

1.35 (range, 0.73 to 4.39) on the left side of the gland. The median [1-13C]lactate/

[1-13C]pyruvate ratio in a region of the central gland—which was not thought to include

tumor—was 0.45 (range, 0.31 to 0.49). The median SNRs of [1-13C]lactate in the right and

left regions of suspected tumor were 7.6 and 6.7, with the corresponding median SNRs of

[1-13C]pyruvate being 7.8 and 5.4, respectively. MR-guided biopsy that was performed

subsequent to the 13C study confirmed the presence of bilateral cancer corresponding to

these abnormalities, with Gleason grade 3 + 4 on the right and Gleason grade 3 + 3 with

high-grade prostatic intraepithelial neoplasia on the left side of the gland. The fact that the

hyperpolarized imaging method was able to detect bilateral cancer, whereas conventional

anatomic imaging methods were only able to visualize unilateral cancer, is an exciting

finding, which may be especially important in monitoring patients like this who are thought

to have slow-growing cancers and are being followed with active surveillance before

starting treatment.

One concern in interpreting the data from the patient in Fig. 4 was that the SNR of the

[1-13C]pyruvate peak was relatively low in some voxels, making it difficult to obtain an

accurate estimate of the ratio of [1-13C]lactate/[1-13C]pyruvate for tumor versus normal

tissue. For this reason, subsequent data sets were obtained starting at the earlier time of 25 s

after the end of injection rather than at 33 s. For data acquired in this time window, peaks of

[1-13C]pyruvate were observed in most of the gland, and the criteria used to define regions

of suspected tumor within the prostate gland were an SNR of [1-13C]pyruvate >10.0, a

clearly visualized peak corresponding to [1-13C]lactate peak with an SNR >3.0, and the ratio

of the peak heights of 0.2 or higher. An example of 3D localized 13C MRSI data acquired
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and evaluated in this manner is seen in Fig. 5. The results from the corresponding MR

staging examination are shown in fig. S1. This patient (patient A in Table 2) had serum PSA

of 4.5 ng/ml and a diagnosis of bilateral biopsy-proven Gleason grade 3 + 3 cancer. The 13C

spectral data showed large peaks corresponding to [1-13C]pyruvate throughout the spectral

grid with lower, but still clearly detected, [1-13C]lactate peaks in the highlighted region. The

median estimates for levels of [1-13C]pyruvate, [1-13C]lactate, and [1-13C]lactate/

[1-13C]pyruvate for tumor voxels identified on multiple slices as being tumor were 41.0,

13.6, and 0.28, respectively (Table 2). The color metabolite overlays highlight regions with

[1-13C]lactate/ [1-13C]pyruvate that were higher than the cutoff value on multiple slices. The

patient had a follow-up MR-guided biopsy that demonstrated that the lesion had progressed

to Gleason 3 + 4 prostate cancer.

Results from three other patients who had areas of elevated [1-13C]lactate/ [1-13C]pyruvate

are shown in Fig. 6 and Table 2. The same acquisition timing was used to obtain the MRSI

data and the same cutoff criteria applied to define voxels with abnormal metabolite ratios as

for patient A. For two of the cases (patients B and D), bilateral regions of suspected tumor

were identified, and for the third case, there was a unilateral focus of suspected tumor. As

can be seen in Table 2, the median ratios of [1-13C]lactate/[1-13C]pyruvate ranged from 0.28

to 0.38, the median SNR for [1-13C]lactate ranged from 4.8 to 8.4, and the median SNR for

[1-13C]pyruvate ranged from 13.5 to 30.0. The locations highlighted in color on the

metabolite overlay images were consistent either with the original biopsies from these

patients or with abnormalities that were identified in the images from their MR staging

examinations.

Discussion

First-in-man metabolic imaging with hyperpolarized [1-13C]pyruvate was successfully

applied in 31 patients with prostate cancer. There were no DLTs observed, and the highest

dose, namely, 230 mM [1-13C]pyruvate (0.43 ml/kg), was selected for evaluation of

different MR data acquisition strategies in phase 2 of the study. The prototype polarizer and

QC procedures used to prepare the hyperpolarized agent were complex, and the fact that 31

of 33 preparations were successful in producing material that was injected into the patients

is encouraging. Future studies would benefit from the development of more robust and

automated procedures for generating and preparing the hyperpolarized agent for human use.

An improved system that can simultaneously polarize four samples and uses a disposable

fluid path has been designed (23) and tested in preclinical studies (24). It is anticipated that

clinical studies will take advantage of such technology to provide higher polarizations and

faster agent delivery.

The kinetics of delivering the hyperpolarized agent and the increase in [1-13C]lactate signal

were consistent with those observed in preclinical models (25–29). The 1D dynamic MRSI

data obtained in our study showed higher [1-13C]lactate signal in slices including tumor, but

also contained some signal from tissues outside of the prostate. The [1-13C]lactate signal

was low or undetectable in slices from regions of the prostate that did not include tumor.

This agrees with previous patient prostate biopsy studies, which demonstrated very low

lactate concentrations (30), and with preclinical studies, which demonstrated a low flux of
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hyperpolarized [1-13C]pyruvate to lactate in normal prostate (17). The 2D dynamic MRSI

data were able to distinguish signals from tumor and vessels, with the rate of

[1-13C]pyruvate to [1-13C]lactate conversion being four to five times higher in tumor. This

is consistent with the increased expression of MCT1, MCT4, and LDH-A, and increased

activity of LDH in the tumor that was observed in preclinical studies (17, 18).

The 2D and 3D single–time point MRSI data had excellent SNRs and spectral quality. These

data sets were acquired in 8 to 12 s and accurately reflected the presence, location, and size

of cancer relative to surrounding healthy prostate tissues. Moving to the earlier spectral

acquisition window of 25 s after injection, for the patients shown in Figs. 5 and 6, yielded

higher hyperpolarized [1-13C]pyruvate signals and more readily quantifiable [1-13C]lactate/

[1-13C]pyruvate ratios (Table 2) than for the patient shown in Fig. 4. The marked changes in

hyperpolarized [1-13C]pyruvate signal with time and differences in kinetics suggest that the

acquisition of spatially localized dynamic MR data is a promising approach for comparing

metabolic parameters for tumor versus normal tissue.

Patients who participated in phase 2 of the study and who had regions of abnormal signal on

their previous multiparametric MR screening examinations also had elevated

[1-13C]lactate/[1-13C]pyruvate relative to signals from normal prostate. In Fig. 4, our

hyperpolarized imaging method highlighted a region of biopsy-proven tumor that was not

observed during the staging examination; this is important because it shows the power of

using more advanced technologies for characterizing tissues that appear normal on

conventional anatomic images. There were two other subjects with findings of abnormal

[1-13C]lactate/[1-13C]pyruvate in regions where the anatomic imaging was uncertain, but in

those cases, no direct biopsy evidence was available to confirm that they corresponded to

tumor.

There are several limitations of our study because it is first in human. Although 13C data

acquisition parameters had been investigated in phantom and preclinical studies, it was not

possible to choose the most appropriate values without having results from human subjects.

This led to adjustments in the timing parameters and spatial resolution being made during

the course of the study. Although this did not influence the goals of phase 1 of the study,

which were to establish the safety and feasibility of using hyperpolarized [1-13C]pyruvate in

humans, it did mean that the more detailed analysis of data was restricted to subjects

participating in phase 2. Another limitation was that the population chosen for the study had

relatively early-stage cancer, and it was not always possible to make exact correlations

between the imaging findings and pathologic findings. The choice of patients with early-

stage disease who were on active surveillance was driven by the need to avoid complications

in data interpretation associated with previous treatment and to have plenty of time to recruit

and monitor them during a period when they were expected to have stable disease. Evidence

from preclinical studies has shown that the magnitude of [1-13C]lactate/[1-13C]pyruvate

increases with tumor grade (18), and so we believe that our technology will be even more

sensitive for evaluating patients with advanced and aggressive cancers.

When combined with findings from preclinical studies, the results of this first-in-man study

suggest that hyperpolarized 13C metabolic imaging may be valuable for initial diagnosis and
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for monitoring therapy. In addition to improved technology for generating and delivering

hyperpolarized agents becoming available (23), designing new MR data acquisition

sequences that use compressed sensing (31), parallel imaging strategies, and

multichannel 13C radio frequency coils (32, 33) will help in translating these methods into

the clinic. These developments will allow similar methods to be applied to more diverse

populations of cancer patients who are undergoing surgical resection or image-directed

biopsy. In addition to having the potential for more accurate diagnosis and staging, there

have been a large number of studies using hyperpolarized agents in preclinical models of

lymphoma (20), prostate (16–18), brain (26, 34), liver (25), breast (29), and bone cancers

(19). Other disease models that have been studied and show promise for translation to

humans are cardiac disease (33, 35, 36) and arthritis (37).

Materials and Methods

Patient population

Eligible patients were recruited from the prostate cancer clinic at University of California,

San Francisco (UCSF), and had untreated, biopsyproven localized prostate cancer with no

significant history of cardiac or pulmonary disease and adequate baseline organ function.

They were required to have received a multiparametric 1H MR staging examination before

the hyperpolarized MR study to confirm that they had observable lesions and ensure that

they were familiar with standard imaging procedures (Supplementary Methods). The process

for generating the agent and the clinical protocol had received approval as an Investigational

New Drug (IND) from the U.S. Food and Drug Administration. Patients provided written

informed consent for participation in the imaging study.

Study design

The purpose of this study was to establish the safety and feasibility of using hyperpolarized

metabolic imaging with [1-13C]pyruvate in patients with prostate cancer. For phase 1 of the

study, the commonly used 3 + 3 dose escalation clinical trial design was modified to enroll

six patients at each dose: three to monitor the kinetics of delivery and three to evaluate the

spatial distribution of metabolism in tumor versus other tissues. Three dose levels were

considered (0.14, 0.28, or 0.43 ml/kg actual body weight of 230 mM pyruvate solution).

Patients underwent continuous electrocardiogram monitoring during and for 10 min after the

injection, as well as at baseline, 1 hour, and 2 hours after the injection. Clinical monitoring

was undertaken for 2 hours after injection, with clinical and laboratory assessments

performed at 24 hours and 7 days.

Toxicities were graded with CTCAE v4.0. criteria (21). A DLT was defined as an event of

grade 2, 3, or 4 that was attributable to the agent and occurred within 7 days after the

imaging examination. The stopping rule in each cohort of six subjects was as follows: if 0 or

1 dose DLT were observed, the study would proceed to the next dose level; if two DLTs

were observed, that dose would become the maximum tolerated dose; and if more than two

DLTs occur, the next lower dose would be considered as the maximum tolerated dose. Once

either the maximum dose or the maximum tolerated dose cohorts were completed, phase 2
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of the study design included an expansion cohort to optimize the imaging protocol and

explore the biological variability in delivery, transport, and metabolism of the agent.

Formulation

The formulation comprised [1-13C]pyruvate (22.0 mg/ml) (Supplementary Methods),

sodium (4.1 mg/ml), tris (12.1 mg/ml), EDTA (0.1 mg/ml), and tris{8-carboxyl-2,2,6,6-

tetra[2-(1-methoxyethyl)]benzo(1,2-d:4,5-d′)bis(1,3)dithiole-4-yl}methyl (radical) (4.6

mg/ml) in sterile water for injection. All components were manufactured according to

current Good Manufacturing Practices and were provided in sterile single-use packaging by

GE Healthcare.

13C MR examination protocol

An intravenous catheter was placed, and the patient was positioned in a clinical 3-T MR

scanner (GE Healthcare). For anatomic imaging, the 1H body coil was used for transmission

with a pelvic phased array and custom-designed 1H/13C endorectal coil for reception (Fig.

1). For 13C data, a bore-insertable volume coil that was hinged like a clamshell to facilitate

patient entry was used for transmission with the 13C channel of the endorectal coil for

reception (38). Anatomic images comprising a scout, sagittal, and axial T2-weighted fast

spin echo sequences were acquired first, followed by 13C signal calibration that used the

signal from a sealed standard housed within the endorectal coil containing 600 μl of 8

M 13C-urea. Once the appropriate scan parameters had been defined, the operators in the

clean room started the dissolution. If the sample satisfied the tests imposed by the QC

system and the pharmacist who was monitoring the study gave their approval, the

formulation was injected into the patient at ∼5 ml/s and 13C data were obtained.

Acquisition parameters for 13C MRSI data

Spatially localized dynamic 13C spectroscopic imaging monitored delivery, transport, and

metabolism of hyperpolarized [1-13C]pyruvate. Single–time point 2D or 3D acquisitions

were used to obtain arrays of 13C spectra from the prostate and surrounding tissues in 8 to

12 s. The initial sequence parameters were chosen on the basis of studies in murine and dog

models (16, 17, 22), but were further refined as the study progressed in terms of the start

times for acquiring MR data and the flip angle schemes used (see below).

1D dynamic MRSI data—Spectra were obtained every 3 s starting at the end of the

injection from a 36- to 60-mm axial slice encompassing the prostate. Echo planar

localization was applied in the right-left direction at 10-mm resolution and with echo time

(TE)/repetition time (TR)/flip angle of 2 ms/3 s/10°.

2D localized dynamic MRSI data—Spectra were obtained every 5 s starting at 5 s after

the end of injection from a 12- to 40-mm axial slice with eight-phase encodes in one

dimension and with 18-step echo planar localization in the other dimension to provide 10-

mm in-plane resolution. The radio frequency pulses that were used applied either a 10° flip

angle for all metabolites or a specially designed pulse that gave a flip angle of 10° for

pyruvate and 20° for lactate. The TE/TR was 3/125 ms.
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2D single–time point MRSI data—Spectra were obtained from a 10- to 20-mm axial

slice with 12 by 12–phase encodes and 7-mm in-plane resolution with a progressive flip

angle and TE/TR of 3/85 ms. The acquisition time was 12 s and started 25 to 33 s after the

end of the injection. The variation in slice thickness was required to cover the region of

putative tumor.

3D single–time point MRSI data—A 3D array of spectra was obtained from a 43- to

120-mm axial slice with 12 by 8 to 12–phase encodes and 18 echo planar frequency

encodes. The in-plane resolution was 7 mm and the through-plane resolution was 7 to 15

mm, with a progressive flip angle and TE/TR of 3/85 to 125 ms. Variations of the in-plane

slice thickness, number of phase encodes, and spatial resolution were driven by differences

in the size of the prostate and the spatial extent of the region of tumor. The acquisition time

was 8 to 12 s, and it started 25 to 33 s after the end of the injection.

Data analysis

The analysis of the 13C MR data used specialized software developed in our laboratory (39).

Arrays of spectra were obtained by apodizing the raw data with a 10-Hz Lorentzian function

in the time domain and performing a Fourier transform. For data with echo planar

localization, signals from the positive and negative gradient lobes were separately

reconstructed for each trajectory with regridding of samples on the ramps. The spectral

arrays were then zero- and first-order phase-corrected. Quantification of individual spectra

used automatic phasing, baseline subtraction, and frequency correction. The heights and

areas of spectral peaks were estimated and used to generate metabolite images and/or curves

of the time course of changes in [1-13C]lactate and [1-13C]pyruvate.

The spectral arrays and metabolite images were directly correlated with anatomic images

that were acquired within the same examination. For comparison purposes, regions of

prostate cancer were identified as areas with concordant positive TRUS-guided biopsy and

MRI abnormality within the same sextant of the prostate. Visual comparisons of the

locations of regions with elevated lactate/pyruvate on the 13C images were made with the

results from the MR staging examination using anatomic images from the two studies as a

reference to see whether similar regions were identified as having abnormalities. For voxels

where the SNR of the dynamic data was sufficient, the curves of lactate and pyruvate were

fit with the two-compartment model that was developed and applied in previous preclinical

studies (22).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 13C coil setup and the schematic steps for the delivery of hyperpolarized [1-13C]pyruvate
(A to C) 13C transmit coil (A) and endorectal 1H/13C receiver coil (B) used for acquiring

data. The location of the coils is outlined on (A) and (B), with the layers inside the

endorectal coil being seen in (C). The dimensions of the elements in the endorectal coil were

4 inches × 1 inches, with the total length of the coil being 12 inches. (D) Steps involved in

transferring the hyperpolarized agent from the polarizer to the patient, and mean times

required for each of them.
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Fig. 2. 1D 13C dynamic MRSI data
Images are from a representative patient with a current PSA of 12.2 ng/ml, a small volume

of biopsy-proven Gleason grade 4 + 3 prostate cancer in the left midgland, and who received

the lowest dose (0.14 ml/kg) of hyperpolarized [1-13C]pyruvate. (A) Axial T2-weighted

image showing slices (dashed lines) obtained from 1D spectral localization. The slice that

overlaps the left prostatic peripheral zone (right side of image) contained a small focus of

reduced T2 signal intensity corresponding to the region of biopsy-proven cancer (red

arrows). The slice overlapping the right peripheral zone (left side of image) contains only

normal prostate tissue. (B) Flux of [1-13C]pyruvate to [1-13C]lactate catalyzed by LDH

(top). Dynamic 13C spectra were obtained from the same patient in (A) at 36 s after injection

of hyperpolarized [1-13C]pyruvate (bottom). The cancer spectrum demonstrated a lactate

SNR of 25 owing to a high flux of hyperpolarized [1-13C]pyruvate to [1-13C]lactate. (C)

Plot of 1D localized dynamic hyperpolarized pyruvate and lactate data from the slice that

overlapped the region of prostate cancer. (D) Plot of 1D localized dynamic hyperpolarized

pyruvate and lactate data from the slice that overlapped a contralateral region of the prostate.
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Fig. 3. 2D 13C dynamic MRSI data
Images are from a representative patient with a current PSA of 3.6 ng/ml, who had biopsy-

proven prostate cancer in the left apex (Gleason grade 3 + 4) and received the highest dose

of hyperpolarized [1-13C]pyruvate (0.43 ml/kg). (A) A focus of mild hypointensity can be

seen on the T2-weighted image, which was consistent with the biopsy findings. (B to D) 2D

localized dynamic hyperpolarized [1-13C]pyruvate and [1-13C]lactate from spectral data that

were acquired every 5 s from voxels overlapping the contralateral region of prostate

(turquoise), a region of prostate cancer (yellow), and a vessel outside the prostate (green).

The dynamic data were fit as described previously (22).
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Fig. 4. 2D single–time point MRSI data
Images were obtained from a patient with serum PSA of 9.5 ng/ml, who was diagnosed with

bilateral biopsy-proven Gleason grade 3 + 3 prostate cancer and received the highest dose of

hyperpolarized [1-13C]pyruvate (0.43 ml/kg). The axial T2-weighted image shows a

unilateral region of reduced signal intensity (red arrows), which is consistent with a

reduction in the corresponding ADC. The 1H spectral arrays supported these findings, with

voxels with reduced citrate and elevated choline/citrate (highlighted in pink) on the right

side of the gland and voxels with normal metabolite ratios on the left side. The 13C spectral

arrays show voxels with elevated levels of hyperpolarized [1-13C]lactate/[1-13C]pyruvate

(highlighted in pink) on both the right and left sides of the prostate. The location of colored

regions in the metabolite image overlay had a ratio of [1-13C]lactate/[1-13C]pyruvate greater

than or equal to 0.6.
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Fig. 5. 3D single–time point localized MRSI data
Images were obtained from patient A in Table 2, who had a serum PSA of 4.5 ng/ml, was

originally diagnosed with bilateral biopsy-proven Gleason grade 3 + 3 prostate cancer, and

received the highest dose of hyperpolarized [1-13C]pyruvate (0.43 ml/kg). The upper panel

shows an axial T2-weighted images and corresponding spectral array with the area of

putative tumor highlighted by pink shading. A region of tumor was observed on the T2-

weighted images (red arrows), as well as on ADC images and 1H MRSI data (fig. S1). A

region of relatively high hyperpolarized [1-13C]lactate was observed in the same location as

the abnormalities that had been observed on the multiparametric 1H staging exam. The

lower panels show axial T2 images with and without metabolite overlays for different axial

slices from the same patient. The colored regions in these overlays have a ratio of

[1-13C]lactate/[1-13C]pyruvate ≥0.2. These demonstrated a large volume of bilateral cancer.
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Fig. 6. Further representative examples of 3D single–time point MRSI data
The axial T2-weighted images and overlays of hyperpolarized [1-13C]lactate/

[1-13C]pyruvate are from the three patients labeled as B to D in Table 2. All three of the

patients had biopsy-proven Gleason grade 3 + 3 prostate cancer and received the highest

dose of hyperpolarized [1-13C]pyruvate (0.43 ml/kg). Patient B had a current PSA of 5.1

ng/ml, patient C had a PSA of 9.8 ng/ml, and patient D had a PSA of 1.9 ng/ml. The SNR

and metabolite ratios in the regions highlighted in color on the image overlays are given in

Table 2.
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Table 1
Summary of study design

Number of patients, doses of hyperpolarized [1-13C]pyruvate given, and types of MR examinations performed

in each component of the study are provided.

Study component Dose (ml/kg) n patients Type of MR acquisition

Phase 1: Dose escalation 0.14 3 1D dynamic MRSI

3 3D MRSI

0.28 3 1D dynamic MRSI

3 3D MRSI

0.43 3 1D dynamic MRSI

3 2D MRSI

Phase 2: Refining MR methods 0.43 5 2D dynamic MRSI

3 2D MRSI

5 3D MRSI
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Table 2
Estimates of metabolite parameters within regions of tumor

The values shown are the median (range) of the SNR for hyperpolarized [1-13C]lactate, hyperpolarized

[1-13C]pyruvate, and the ratios of these metabolites in tumor voxels for the patients shown in Figs. 5 and 6.

Subject n voxels [1-13C]Lactate/[1-13C]pyruvate [1-13C]Lactate SNR [1-13C]Pyruvate SNR

Patient A 11 0.28 (0.26–0.36) 13.6 (5.9–18.6) 41.0 (17.5–54.0)

Patient B 6 0.38 (0.32–0.47) 4.8 (3.6–7.8) 13.5 (10.1–20.0)

Patient C 3 0.32 (0.27–0.33) 6.3 (4.1–7.3) 22.5 (12.8–23.0)

Patient D 4 0.28 (0.24–0.33) 8.4 (6.4–16.1) 30.0 (27.8–49.4)
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