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Abstract
The goal of this study was to investigate the use of lactate and alanine as metabolic biomarkers of
prostate cancer using 1H high-resolution magic angle spinning (HR-MAS) spectroscopy of snap-
frozen transrectal ultrasound (TRUS)-guided prostate biopsy tissues. A long-echo-time rotor-
synchronized Carr-Purcell-Meiboom-Gill (CPMG) sequence including an electronic reference to
access in vivo concentrations (ERETIC) standard was used to determine the concentrations of lactate
and alanine in 82 benign and 16 malignant biopsies (mean 26.5% ± 17.2% of core). Low
concentrations of lactate (0.61 ± 0.28 mmol/kg) and alanine (0.14 ± 0.06 mmol/kg) were observed
in benign prostate biopsies, and there was no significant difference between benign predominantly
glandular (N = 54) and stromal (N = 28) biopsies between patients with (N = 38) and without (N =
44) a positive clinical biopsy. In biopsies containing prostate cancer there was a highly significant
(P < 0.0001) increase in lactate (1.59 ± 0.61 mmol/kg) and alanine (0.26 ± 0.07 mmol/kg), and
minimal overlap with lactate concentrations in benign biopsies. This study demonstrates for the first
time very low concentrations of lactate and alanine in benign prostate biopsy tissues. The significant
increase in the concentration of both lactate and alanine in biopsy tissue containing as little as 5%
cancer could be exploited in hyperpolarized 13C spectroscopic imaging (SI) studies of prostate cancer
patients.
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Combined MRI and three-dimensional MR spectroscopic imaging (MRI/3D-MRSI) studies of
prostate cancer patients have been shown to significantly improve the clinical localization of
cancer within the prostate (1-6), improve the prediction of extracapsular extension (ECE) (7,
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8), and provide a measure of prostate cancer aggressiveness (9,10) and therapeutic response
(11-13). However, with the widespread use of serum prostate-specific antigen (PSA) screening
and systematic transrectal ultrasound (TRUS)-guided biopsies, there has been an increase in
early detection and a significant downstaging of prostate cancer in recent years (14,15).
Consequently, there is a growing need for additional biomarkers and multiparametric imaging
approaches that can predict the metastatic potential of early-stage cancers and be used to
monitor patients during active surveillance, conventional therapies, and clinical trials of
emerging therapies.

While the current commercially available clinical MRI/MRSI prostate exam relies on changes
in choline, citrate, and polyamine metabolism, lactate and alanine have largely been ignored
due to the difficulty of suppressing the large signals from overlapping periprostatic lipids
(16). New hyperpolarized 13C MRS techniques (17-19) and advances in lipid suppression and
spectral edited 1H MRS (20,21) provide the opportunity to observe changes in lactate and
alanine in clinical MRI/MRSI exams. Studies in the transgenic adenocarcinoma of mouse
prostate (TRAMP) (22) model of prostate cancer have demonstrated > 50,000-fold polarization
enhancements of 13C pyruvate, providing a sufficient signal-to-noise ratio (SNR) for high
spatial and temporal resolution 13C MRS of the metabolic products lactate and alanine from
regions of primary and metastatic prostate cancer (18). These studies demonstrated a significant
pathologic grade-dependent increase in lactate in this murine model of prostate cancer.

Previous biochemical (23) and 1H spectroscopic studies of tissue extracts (24-26), and more
recent 1H high-resolution magic angle spinning (HR-MAS) spectroscopy studies (27) of intact
tissues have reported inconsistent changes in lactate and/or alanine in prostate cancer vs. benign
prostate tissues. These discrepancies could arise from both the different experimental methods
and sources of tissue used, i.e., postsurgical, transurethral resection (TURP), or biopsy.
Postsurgical prostate tissues are acquired in an unknown state of metabolic degradation because
the prostate can be removed from its blood supply for ≥3 h prior to tissue harvesting. During
this period of ischemia, significant anaerobic glycolysis can occur, dramatically affecting the
concentrations of glucose, alanine, and lactate (27). Since biopsy tissues can be harvested and
frozen in seconds, they provide a more accurate ex vivo “snapshot” of in vivo lactate and
alanine metabolism. In this study, quantitative 1H HR-MAS spectroscopy, using the electronic
reference to access in vivo concentrations (ERETIC) method (28,29), was applied to snap-
frozen prostate biopsy tissues to determine the concentrations of lactate and alanine prior to
pathologic analysis of the same tissues. Lactate and alanine concentrations were compared
between biopsies containing benign predominantly glandular and stromal tissues, benign
samples in men with and without a positive biopsy result, and biopsies containing ≥5% prostate
cancer to establish these metabolites as reliable markers of prostate cancer.

MATERIALS AND METHODS
Human Subjects and the TRUS-Guided Biopsy Procedure

This study was approved by our institutional review board (IRB) and informed consent was
obtained from all patients. A total of 130 TRUS-guided prostate biopsies were acquired from
82 previously untreated patients (mean age = 64 ± 10 years [range: 35-83 years]; median PSA
= 5.6 ± 18.4 μg/liter [range: 1.6-115.9 μg/liter]). During the biopsy procedure, the patient was
placed in the lateral decubitus position and a topical anesthetic (Hurricaine® gel; Beutlich
Pharmaceuticals, Waukegan, IL, USA) was applied during the digital rectal examination. A
5.0-7.5 MHz TRUS probe was placed into the rectum, and grayscale and color-Doppler
ultrasound images were obtained by an experienced urologist. Then 1% lidocaine (10 ml) was
injected into the prostate gland at the lateral edges on each side of the gland from base to apex.
Under TRUS guidance, an 8-10 core pattern biopsy was performed using an 18-gauge needle
(~15 mm × 1 mm cores) for clinical diagnosis, after which two additional research biopsies
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were acquired from a hypoechoic region suspicious for cancer and from the contralateral side
of the peripheral zone. Biopsies were immediately placed in individual cryovials and snap-
frozen on dry ice (≤15 s), and then stored at -80°C and analyzed within 2 weeks of harvesting.

Sample Preparation and 1H HR-MAS Spectroscopy
At sample preparation, ~1 mm of tissue was cut and removed from both ends of the biopsy
core to remove periprostatic fat, which was not visually discernible. The trimmed biopsy tissue
was weighed (mean = 5.2 ± 1.1 mg) and then transferred into a tared 20-μl leak-proof zirconium
HR-MAS rotor containing 3.0 μl of deuterium oxide and 0.75 wt% sodium-3-
trimethylsilylpropionate-2,2,3,3-d4 (D2O+TSP). The rotor was then assembled and placed into
the spectrometer after a handling time of ~2-4 min. 1H HR-MAS spectroscopy was performed
at 11.7 T (500 MHz for 1H), 1°C, and a 2250 Hz spin rate using a Varian INOVA NMR
spectrometer equipped with a 4-mm gHX nanoprobe (Varian Inc, Palo Alto). Fully relaxed
pulse-acquire spectra were acquired with a 2-s presaturation delay, 2-s acquisition time, 40,000
points, 20,000-Hz spectral width, 128 transients, and four steady-state pulses. In addition, a
rotor-synchronized Carr-Purcell-Meiboom-Gill (CPMG) (30) spin-echo sequence was used to
filter signals from overlapping lipids and macromolecules with the same parameters as above
except for a 144- or 288-ms echo time (TE) depending on the magnitude of the lipid peaks;
256 or 512 transients, respectively; and 16 steady-state pulses. To validate the correction factor
used for T2 decay in biopsies, CPMG spectra were also acquired with 72-, 144-, and 288-ms
TEs on three surgical tissue samples that contained much higher levels of lactate and alanine.

For quantification of prostate metabolites, a synthetic RF signal (ERETIC) was created using
PBox (Varian Inc., Palo Alto, CA, USA) and transmitted during the data acquisition (31). The
phase and amplitude of the ERETIC peak were chosen to match other peaks in the spectrum,
and the signal was transmitted during acquisition using 0 dB of power, a full width at half
height of 3.5 Hz, and an offset frequency equivalent to -0.5 ppm. The ERETIC signal was
calibrated weekly using standard solutions of D2O+TSP, lactate, and alanine. Two-
dimensional (2D) total correlation spectroscopy (TOCSY) data were also acquired and used
to exclude biopsy samples in which the lactate and alanine peaks were contaminated by
resonances due to the anesthetic ointment that were not eliminated by the T2 filter. The TOCSY
spectra were acquired using a rotor synchronized adiabatic (WURST-8) mixing scheme with
1-s presaturation delay, 0.2-s acquisition time, 40-ms mixing time, 24 transients/increment,
20,000 × 6000 Hz spectral width, 4096 × 64 complex points, and time ~1 h (32). A total of 32
out of 130 biopsies were considered unusable due to spectral contamination from lipids and/
or topical anesthetic (primarily polyethylene glycol) based on both 1D and 2D spectral findings.

1H HR-MAS Spectroscopy Data Processing and Quantification
Data were processed and displayed offline using ACD Labs 1D and 2D NMR processor
(version 9; ACD/Labs, Toronto, Canada). The free induction decays (FIDs) were zero-filled
to 65K points, apodized with a 0.5-Hz “matched” exponential filter and Fourier-transformed.
Each spectrum was manually phased and baseline-corrected as previously described (27). The
98 spectra used in the analysis demonstrated well-resolved lactate and alanine resonances with
no overlapping lipid or other contaminants. Lactate and alanine were quantified from the
CPMG experiments by integrating the peak areas and correcting for T2 decay during the echo
delay using previously determined T2 relaxation times for lactate (0.251 ms) and alanine (0.208
ms) (27) according to Eq. [1]:

[1]

whereÃm = the metabolite area corrected for T2, Am = the area of metabolite, τ = TE, and T2
= relaxation time of the metabolite. Concentrations were calculated relative to the peak area
of the ERETIC signal according to Eq. [2]:
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[2]

where Ae = the area of ERETIC signal, [He] = the standard moles of protons associated with
the ERETIC signal in mmol, nHe = the number of protons of ERETIC (N = 1), nHm = the
number of protons corresponding to the lactate and alanine doublets (N = 3), tissue mass =
mass of the prostate biopsy (kg), and [M] = the metabolite concentration in mmol/kg.

Histopathologic Analysis—Following 1H HR-MAS analysis, biopsy tissues were placed
in 25 × 20 × 5 mm3 cryomolds, frozen in Tissue-Tek® optimal cutting temperature (OCT)
tissue embedding medium (Fisher, Pittsburgh, PA, USA) over dry ice, and stored at -80°C.
Tissues were sectioned at 5–7-μm intervals and -22°C using a Leica CM1850 cryostat (Leica
Microsystems, Wetzlar, Germany), placed on individual histology slides, and stained with
hematoxylin and eosin (H&E) using a standard protocol. Typically, three sections were made
along the long axis of the biopsy to obtain a complete pathologic assessment of the core, and
additional sections were cut for high-molecular-weight keratin staining, if needed to confirm
the presence of cancer. Two experienced prostate pathologists reviewed the slides and
estimated the percentage of benign glandular epithelium, stroma, prostatic intraepithelial
neoplasia (PIN), benign prostatic hyperplasia (BPH), chronic inflammation (prostatitis), and
prostate cancer present in each core. The Gleason score of the cancer was also recorded, with
2 (1+1) being the least aggressive and 10 (5+5) being the most aggressive pattern. Average
percentages of PIN, chronic inflammation, corpora amylacea (coagulated secretions), and
atrophy were also noted in the pathology review, and samples were excluded from the healthy
group if the percentage of the confounding factor was greater than 10% of the core area.

Statistics—The metabolite concentrations of lactate and alanine were compared between
healthy and cancer tissues using a linear mixed-effects model procedure (33), accounting for
repeated measurements from the same patient. The model used lactate and alanine as the
dependent variable, disease status as the fixed effect, and individual patient as a random effect.
In this way, effects of repeated samples from these patients were removed. Specifically, 12
patients contributed two benign biopsies each, and one patient contributed two cancer biopsies.
Data were analyzed using JMP (SAS Institute, 2005, version 6.0) assuming a significance level
of P < 0.05.

RESULTS
Figure 1 shows representative fully relaxed, water-presaturated 1H HR-MAS spectra and
corresponding histopathologic sections (H&E) of (a) benign predominantly glandular tissue
(5.1 mg, 40% glandular and 60% stromal tissue) and (b) Gleason 3+3 prostate cancer tissue
(5.7 mg, 70% cancer and 30% stromal tissue). The lactate to alanine regions from 144-ms
CPMG spectra are shown inset. A spinning rate of 2250 Hz resulted in minimal pathologic
degradation, while placing the most prominent side band (that of residual water) at ~0.5 ppm,
which is outside of the range of the analyzed metabolites. Similar to what has been previously
reported for surgical tissues (27,34,35), benign prostate tissue demonstrated high levels of
citrate (doublet of doublets at 2.62 ppm) and the polyamines, spermine, spermidine, and
putrescine (complex multiplets at 1.78, 2.10, and 3.11 ppm), which were reduced or absent in
cancer spectra. In contrast, the choline-containing metabolites choline (Cho, singlet at 3.21
ppm), phosphocholine (PC, singlet at 3.23 ppm), and glycerophosphocholine (GPC, singlet at
3.24 ppm) were elevated in cancer vs. benign glandular and stromal tissues. Broad lipid and
macromolecule resonances overlap the lactate (1.33 ppm) and alanine (1.49 ppm) doublets in
the water-presaturated pulse-acquire spectra. These broad components were effectively
removed by the CPMG experiments (144 or 288 ms) and the expanded regions show higher
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levels of lactate and alanine in cancer vs. benign prostate biopsies. Repeat CPMG experiments
also showed that lactate and alanine concentrations increased an average of 3.6% ± 9.0% and
0.6% ± 5.7%, at 45 and 80 min, respectively, at 1°C and a 2250 Hz spin rate, indicating minimal
change during the course of the HR-MAS experiments.

On pathology, 82 of the biopsies were benign and 16 contained prostate cancer. The benign
samples had on average 21% glandular tissue (ranging from 0% to 40%) and 79% stromal
tissue (ranging from 60% to 100%). In the benign group, samples were categorized as 5-10%
prostatitis (N = 7), 10-30% BPH (N = 4), 10% corpora amylacea (N = 1), and 10% atrophy
(N = 1). In cancer tissues the biopsy cores contained an average of 26.5% ± 17.2% cancer
(range: 5-80%). The distribution of Gleason scores was Gleason 3+3 (N = 10), 3+4 (N = 3), 4
+3 (N = 1), 4+4 (N = 1), and 4+5 (N = 1). Since only 6 out of 16 cancer biopsies had a Gleason
score greater than 6, it was not possible to determine whether there was a correlation between
lactate and/or alanine concentrations and cancer grade. A pathologic review of the clinical and
research biopsies indicated that 38 patients had a positive biopsy result (Gleason score: 3+3,
3+4, 4+3, 4+4, 4+5) and 44 patients had no evidence of cancer. A total of 59% of the patients
had a prior biopsy, of which 19 patients (23%) were negative and 29 patients (35%) were
positive for cancer. All patients with negative clinical biopsies also had negative research
biopsies.

There was a highly significant increase in lactate concentrations (P < 0.0001) in prostate cancer
vs. benign prostate biopsy tissues. Absolute lactate concentrations from benign and malignant
prostate biopsy tissues are shown in Fig. 2a. The average lactate concentration was 1.59 ± 0.61
mmol/kg in cancer tissues (N = 16) and 0.61 ± 0.28 mmol/kg in benign tissues (N = 82). Out
of 82 benign biopsies, only 15 samples had individual lactate concentrations overlapping with
the concentrations observed in malignant samples. However, the standard deviation (SD) was
considerably higher in cancer samples compared to benign samples. Lactate concentrations in
benign prostate biopsies were also separated according to whether the biopsy was considered
to contain predominantly stromal (>75%) or predominantly glandular tissue (>25%). No
significant difference (P > 0.05) was observed between lactate levels in benign predominantly
stromal (0.61 ± 0.30 mmol/kg, N = 54) vs. predominantly glandular (0.61 ± 0.25 mmol/kg,
N = 28) prostate biopsy tissues.

Alanine concentrations (P < 0.0001) were also significantly higher in prostate cancer compared
to benign tissues. Alanine concentrations from benign and malignant prostate biopsy tissues
are shown in Fig. 2b. The average alanine concentration was 0.26 ± 0.07 mmol/kg in malignant
samples (N = 15) and 0.14 ± 0.06 mmol/kg in benign samples (N = 82). The individual alanine
concentrations had more overlap between benign and malignant samples than lactate, and the
SD in benign tissue was the same as the SD in the cancer group. Out of 82 benign samples, 39
samples had individual alanine concentrations overlapping with the concentrations detected in
the cancer samples. If the cancer sample with the lowest alanine concentration is removed,
then only six out of 82 overlapped. There was no significant difference (P > 0.05) between
alanine levels in benign predominantly stromal (0.13 ± 0.05 mmol/kg, N = 54) or predominantly
glandular (0.16 ± 0.06 mmol/kg, N = 28) prostate tissues.

The lactate and alanine concentrations observed in benign tissue samples were also separated
according to the clinical diagnosis. A total of 44 prostate biopsies were from patients with a
negative biopsy result, and 38 were from patients with a positive biopsy. No significant
differences (P > 0.05) were observed for lactate (negative: 0.61 ± 0.28 mmol/kg vs. positive:
0.60 ± 0.29 mmol/kg) and alanine (negative: 0.14 ± 0.04 mmol/kg vs. positive: 0.15 ± 0.08
mmol/kg) concentrations between benign biopsies obtained from patients with and without a
positive biopsy finding.
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DISCUSSION
Healthy prostate tissue has been described as having a low rate of respiration, high anaerobic
glycolysis, and considerable aerobic glycolysis (36,37). This is due to the unique function of
healthy prostatic epithelial cells to synthesize and secrete large amounts of citrate rather than
use it for energy production or lipogenesis (36,37). It has been proposed that this inefficient
and low level of energy production is insufficient for cells to perform the synthetic and
bioenergetic requirements that are essential for the growth and proliferation of prostate cancer
(36,37). In general, cancer has been associated with an increase in glycolytic flux, and high
lactate concentrations have been associated with more aggressive disease and metastasis while
lower lactate concentrations have shown an overall longer and disease-free survival (38-41).
The amino acid alanine is another important end-product of glucose utilization, which is
required in cytosolic amino acid transformations and in protein synthesis (42). Alanine and
citrate are also end-products of glutamate oxidation, which has been found to be a major source
of respiratory energy in cancer (42). It has been suggested that this alternative pathway is
required to maintain lipogenesis/cholesterogenesis, which is especially needed for the
formation of cellular membranes in proliferating cancer cells (36).

Because of the earlier detection and down-staging of prostate cancer that has occurred in recent
years, new biomarkers are necessary to better identify and distinguish potentially aggressive
cancers from those that are not as aggressive. In this study, lactate and alanine were investigated
as potential biomarkers for prostate adenocarcinoma. 1H HR-MAS spectroscopy provided
high-quality spectra from TRUS-guided prostate biopsies, and the reference method ERETIC
was robust for absolute quantification of lactate and alanine concentrations in intact biopsy
tissue. Compared to previously reported lactate concentrations in surgical samples (~45 mmol/
kg) (27), very low concentrations (<1.0 mmol/kg) were observed in benign prostate biopsies.
This indicates that minimal anaerobic glycolysis occurs during biopsy collection (≤15 s), and
biopsies therefore provide a better “snapshot” of in vivo metabolism. Additionally, the minimal
changes in lactate (3.6%) and alanine (0.6%) during the experiments shows that biopsy tissues
are well suited for studies on glycolysis.

The significant increase in lactate concentration found in prostate cancer biopsies is in
agreement with previous studies of lactate in other human cancers (38-41). It was concluded
that high lactate concentrations in solid tumors are not just a substitute for hypoxia, but a
balance between a permanent generation of lactate and inefficient microcirculation in the tumor
(41). This is explained by the “Warburg effect,” where high lactate production is observed in
malignant cells even in the presence of oxygen. An elevation in aerobic glycolysis might
therefore be a fundamental property of cancer cells. Lactate has also been found to enhance
the degree of tumor malignancy by activation of hyaluronan synthesis (43), upregulation of
the growth factor VEGF (44), and the hypoxia-inducible factor HIF-1alpha (45). These
mechanisms generate favorable conditions for metastatic spread. Thus, lactate accumulation
in prostate cancer tissue may reflect the degree of tumor malignancy and may be related to the
outcome of the disease. The isoenzymes of lactate dehydrogenase (LDH) catalyze the
interconversion of lactate and pyruvate in the pathway of glycolysis. Several studies have
shown that LDH is upregulated in other cancer types, such as ovarian cancer (46), colorectal
cancer (47), and lung cancer (48). Therefore, an elevation in LDH levels in prostate cancer
tissue might contribute to the elevated concentration of lactate.

The observation of significantly higher alanine concentrations in prostate cancer tissue supports
the theory that tumor malignancy is associated with an increase in glycolytic flux, and is also
consistent with the need for increased protein synthesis in tumors (36). Only a few previous
studies have investigated alanine levels related to cancer, but the present results are in
agreement with a study suggesting that glutamate oxidation may be a major source of
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respiratory energy for tumor cells (42). Glutamate is transaminated primarily to pyruvate to
form alanine, and increased alanine concentrations may in this case be a result of the need for
membranogenesis (lipogenesis) in proliferating cancer cells (36). Additionally, the
transamination to alanine from pyruvate is catalyzed by the enzyme alanine transaminase
(ALT); however, further studies are needed to establish the activity of ALT in prostate cancer
tissue. The increase in alanine concentration could also be derived from catabolism of cellular
proteins caused by the cancer. This study shows that alanine is an important biomarker in
prostate cancer tissue, but further studies are needed to find the underlying biochemical
pathways for alanine utilization in prostate cancer.

A growing amount of published data indicate that the metabolic information provided by MRSI
combined with the anatomical information provided by MRI can significantly improve the
clinical assessment of prostate cancer extent and location (1-6), extracapsular spread (7,8) and
aggressiveness (9,10). The presence of thousands of whole-body 1.5T MRI scanners in
hospitals worldwide and the availability of commercial MRI/MRSI packages will allow the
routine clinical use of these techniques. Despite its value, combined MRI/MRSI has recognized
limitations at 1.5T, including the potential for false-positive and false-negative results,
particularly in patients with early-stage cancer (15). New biomarkers such as lactate and alanine
could reduce the number of false-positives and -negatives in 1.5T MRI/MRSI studies of
prostate cancer patients. In current commercial 1.5T MRI/MRSI packages, the lactate and
alanine region of the spectrum is not excited to minimize periprostatic lipid contamination.
However, with improved volume selection, outer voxel suppression techniques, and higher-
field (3T) scanners, it is becoming feasible to use spectral-spatial RF editing sequences to detect
lactate and alanine (21).

Additionally, new hyperpolarized 13C MR techniques could potentially exploit lactate and
alanine as biomarkers in future clinical investigations. Because of the unprecedented NMR
signal enhancement (~50,000-fold) provided by hyperpolarized 13C techniques, the
transformation of pyruvate into lactate and alanine can be detected noninvasively in less than
a minute (49), and the glycolytic status of the cell and the metabolic difference between normal
and cancer tissue can therefore be quantified and mapped (49). Therefore, the changes in lactate
and alanine observed in the present study could be used to improve the clinical diagnosis and
characterization of human prostate cancer using lactate and alanine edited 1H or
hyperpolarized 13C SI sequences.

Prostate cancer is found to have a broad range of biological malignancies, and histopathological
heterogeneity-(both regional and cellular) is a challenge in characterizing the cancer and the
different tumor grades. The Gleason scoring system evaluates this heterogeneity by scoring
how effectively cancer cells are able to structure themselves into glands resembling those of
the normal prostate. However, there are often discrepancies in pathologic scoring, and the
present study is therefore based on average readings from two pathologists. For prostate biopsy
tissue, there was good consensus among the pathology scores. Benign prostate tissue is also
heterogeneous and confounding factors such as chronic inflammation (prostatitis) and BPH
were accounted for in this study. By collecting larger numbers of samples, these confounding
factors can potentially be separated by their metabolic patterns. In future studies, the
concentrations of lactate and/or alanine may be of importance as biomarkers for the diagnosis
of these benign conditions. Likewise, metabolic studies of different prostate zones would be
of interest in understanding regional metabolic and pathologic relationships.

There were a few notable limitations in the present study. Although biopsy tissues provided a
more accurate snapshot of in vivo metabolism, there were an increased number of contaminants
compared to surgical samples. These contaminants arose from periprostatic lipid contamination
and the topical anesthetic (Hurricaine®; Beutlich) that was applied prior to the TRUS
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procedure. This resulted in 32 (~25%) of the biopsy samples being unusable in the current
study. Additionally, only two samples could be obtained per patient and the sample sizes were
much smaller than what can be obtained from surgical specimens. Finally, the relatively small
number of biopsies containing cancer in this study, which is consistent with the down-staging
of prostate cancer in the PSA era, limits our ability to assess changes in lactate and alanine
concentration with cancer grade. Nevertheless, the use of biopsy tissues was critical for this
study in order to minimize the impact of anaerobic glycolysis, which occurs in surgical
specimens, on lactate and alanine concentrations.

In summary, using quantitative HR-MAS spectroscopy of snap-frozen prostate biopsies, it was
determined that lactate and alanine concentrations were very low in benign prostate biopsy
samples, and were significantly elevated in biopsy samples containing prostate cancer. The
magnitude of elevation in the concentration of these metabolites is most likely a function of
both the percentage of the biopsy core that is cancer and the pathologic grade of the cancer,
but this will need to be determined in a study involving a larger number of malignant biopsies.
The significant increase in the concentration of both lactate and alanine in biopsy samples
containing as little as 5% cancer, and the minimal overlap of lactate concentrations between
benign and malignant biopsies suggest that lactate and possibly alanine will be useful
biomarkers that could be utilized in hyperpolarized 13C MRSI staging exams of prostate cancer
patients.
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FIG. 1.
Representative 1H HR-MAS spectra and corresponding histopathologic sections of (a) benign
predominantly glandular (40% glandular, 60% stroma) and (b) prostate cancer (70% Gleason
3+3) biopsy tissues. The major metabolites, TSP, and ERETIC resonances are shown. Lactate
to alanine regions from 144-ms CPMG spectra are shown inset.
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FIG. 2.
a: Lactate concentrations in benign and malignant prostate biopsy tissues. Minimal overlap
(15/82) was observed between benign and cancer tissues. b: Alanine concentrations in benign
and malignant prostate biopsy tissues. Moderate overlap (39/82) was observed between benign
and cancer tissue.
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