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The Role of Metabolic Imaging in Radiation Therapy of Prostate
Cancer
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Vigneron1, and J. Kurhanewicz1

1Department of Radiology and Biomedical Imaging, University of California San Francisco
(UCSF), California, United States
2Department of Pathology, University of California San Francisco (UCSF), California, United
States
3Department of Urology, University of California San Francisco (UCSF), California, United States

Abstract
The goal of this study was to correlate prostatic metabolite concentrations from snap-frozen
patient biopsies of recurrent cancer after failed radiation therapy with histopathological findings,
including Ki-67 immunohistochemistry and pathologic grade, in order to identify quantitative
metabolic biomarkers that predict for residual aggressive versus indolent cancer. A total of 124
snap-frozen transrectal ultrasound (TRUS) – guided biopsies were acquired from 47 men with
untreated prostate cancer and from 39 men with a rising PSA and recurrent prostate cancer
following radiation therapy. Biopsy tissues with Ki-67 labeling index ≤ 5% were classified as
indolent cancer, while biopsy tissues with Ki-67 labeling index > 5% were classified as aggressive
cancer. The majority (15 out of 17) of cancers classified as aggressive had a primary Gleason 4
pattern (Gleason score ≥ 4+3). The concentrations of choline – containing phospholipid
metabolites (PC, GPC and free Cho), and lactate were significantly elevated in recurrent cancer
relative to surrounding benign tissues. There was also a significant increase in [PC] and reduction
in [GPC] concentration between untreated and irradiated prostate cancer biopsies. The
concentration of the choline containing phospholipid metabolites was significantly higher in
recurrent aggressive (≈ 2 fold) than in recurrent indolent cancer biopsies, and the receiver
operating characteristic (ROC) curve analysis of total choline to creatine ratio (tCho/Cr)
demonstrated an accuracy of 95% (confidence interval = 0.88 to 1.00) for predicting aggressive
recurrent disease. The tCho/Cr was significantly higher for identifying recurrent aggressive versus
indolent cancer (tCho/Cr = 2.4 ± 0.4 versus 1.5 ± 0.2) suggesting that use of a higher threshold
tCho/Cr ratio in future in vivo 1H MRSI studies could improve the selection and therapeutic
planning of patients that would benefit most from salvage focal therapy after failed radiation
therapy.
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INTRODUCTION
An estimated 241,740 men will be diagnosed with prostate cancer in the United States in
2012 (1) and many of these men will be treated with external beam radiation therapy (2).
Approximately half of these patients are expected to develop biochemical failure, i.e. a
rising serum prostate-specific antigen (PSA) after a post-treatment nadir has been reached
(3), which triggers investigation for the presence of recurrent local and/or metastatic disease.
The diagnosis of locally recurrent prostate cancer after radiation therapy is largely
dependent on histopathology obtained from transrectal ultrasound (TRUS) – guided prostate
biopsies. TRUS localizes the prostate, however often does not visualize the malignant focus
well because 37% to 50% of cancers may be isoechoic or only slightly hypoechoic (4).
Accordingly, TRUS-guided biopsy has demonstrated false negative rates of up to 30% (5).
Post-radiation prostate biopsies are also prone to problems in pathologic interpretation due
to radiation effects confounding assessments of the presence, aggressiveness and viability of
the residual tumor (6–8). The diagnosis of recurrent cancer after radiation therapy is further
hindered by the long time to reach a PSA nadir after treatment, a process that can take up to
24 months (9,10).

Endorectal magnetic resonance (MR) imaging allows for an assessment of the entire
prostate. However, T2-weighted MR imaging of the irradiated prostate is limited by the
post-treatment loss of zonal anatomy and diffuse low signal, which hinders tumor detection
(11–14) (Figure 1A). Proton MR spectroscopic imaging (1H MRSI) diagnoses of prostate
cancer is based on the identification of neoplastic metabolism (15,16) and studies have
demonstrated the ability of combined MRI/1H MRSI to discriminate residual or recurrent
prostate cancer from residual benign tissue and atrophic/necrotic tissue after radiation
therapy (17,18) (Figure 1C, D). These studies have relied on elevated choline to creatine as a
metabolic marker for residual prostate cancer presence since the prostate metabolites
polyamines and citrate, which are present in prostate tissue prior to therapy, are reduced to
undetectable levels early after radiation therapy in both post-radiated benign and malignant
tissues (17,18). Two published MRI/1H MRSI studies of prostate cancer patients after
radiation therapy have demonstrated that three or more consecutive spectroscopic voxels
having total choline/creatine >1.5 resulted in the ability to predict the presence of cancer
after radiation therapy with an accuracy of ≈ 80% (11,19) (Figure 1C, D). Moreover, the
addition of MR spectroscopic imaging to T2-weighted MR imaging (area under the receiver
operating characteristic curve or AUC = 0.79) was shown to significantly improve the
diagnostic accuracy of T2-weighted MR imaging alone (AUC = 0.67) in the detection of
locally recurrent prostate cancer after definitive external beam radiation therapy (19).
Alternatively, the lack of metabolic evidence of locally recurrent cancer after radiation
therapy predicts for effective local treatment. This in the face of a rising serum PSA triggers
concern for the presence of metastatic disease, thereby changing therapeutic intervention
from a focal to a systemic approach.

It has also been shown that exposure of tumors to radiotherapy consistently lead to
measurable increases in water diffusion in cases of favorable treatment response, however
regions of cancer still remained lower than surrounding benign and atrophic tissues (Figure
1B) (20,21). After radiation therapy, the mean apparent diffusion coefficient (ADC) values
of the biopsy-proven cancer areas (0.98 ± 0.23 × 10−3 mm2/sec) were shown to be
significantly lower than those of benign tissue (1.60 ± 0.21 × 10−3 mm2/sec (20). A
significantly greater area under the ROC curve was determined for combined T2 MRI and
diffusion weighted imaging, or DWI (AUC = 0.88, P < 0.01) as compared to T2 MRI alone
(AUC = 0.61) (20). In another study, incorporation of 1H MRSI to T2-weighted (AUC =
0.84) and/or diffusion-weighted MRI (AUC = 0.86) significantly improved the assessment
of patients with suspected recurrence after radiotherapy and a combined approach with all
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three modalities (AUC = 0.87) may have the best diagnostic performance (21). Similar
results were obtained by Haider et al. investigating the diagnostic value of dynamic contrast-
enhanced (DCE) MR imaging after radiation therapy (22). Specifically, on a sextant basis,
peak enhancement on DCE MRI had significantly better sensitivity (72% vs. 38%), positive
predictive value (46% vs. 24%) and negative predictive value (95% versus 88% than T2-
weighted MRI for detecting residual disease after radiation therapy.

The non-invasive detection of residual/recurrent cancer at an early time following treatment
using multiparametric MRI would have a significant clinical value by allowing earlier
intervention with a number of possible salvage therapy approaches (23–27). However,
because of long prostate cancer doubling times and the fact that radiation therapy causes
post-mitotic cell death, histologic tumor clearance can be delayed, with 30% of patients with
positive early biopsy findings demonstrating tumor resolution by 30 months after therapy
(28). For the same reason, early 1H MRSI findings positive for cancer often resolve
themselves over time, with the mean time for metabolic resolution of prostate cancer being
on the order of 24 to 40 months after radiation therapy depending on radiation dose
(11,17,29). A recent study investigated early (within first eight weeks) changes of ADC
coefficients and T2 relaxation time and determined six weeks to be the optimum time point
to detect radiation induced changes but the prediction of clinically progressive recurrent
disease was not determined in this study (30). The selection of appropriate salvage therapy
candidates early after radiation therapy requires the identification of aggressive/progressive
versus indolent or dying prostate cancer.

The nuclear antigen, Ki-67, is present in proliferating cancer cells, and the presence of high
Ki-67 staining has been associated with aggressive, high pathologic grade prostate cancer
(31–33). Furthermore, >5% Ki-67 staining in post-radiation biopsy tissues has been
associated with subsequent local failure (8,34,35) and the high likelihood of metastatic
disease (32,33). In a ex vivo high resolution magic angle spinning (HR-MAS) spectroscopy
study of surgically removed prostate tissues prior to therapy, Keshari et al. showed that
proliferative, high-grade prostate cancers also have significantly higher concentrations of the
choline-containing phospholipid metabolites, phosphocholine (PC) and
glycerophosphocholine (GPC), than do low-grade prostate cancers and benign prostate
tissues (36). This ex vivo finding is consistent with other ex vivo (37–42) and in vivo (43–
46) 1H spectroscopy studies, which have correlated the degree of elevation of the individual
phospholipid metabolites and the composite in vivo choline resonance with cancer
aggressiveness (Gleason grade). Recent studies have also identified other prostate
metabolites, such as lactate and glutamate, as biomarkers of prostate cancer presence and
aggressiveness (39,47,48). Based on these findings it is hypothesized that the identification
of quantitative metabolic biomarkers of proliferative/aggressive locally recurrent cancer
could improve the selection of patients that would benefit from salvage focal therapy and
potentially improve the targeting of the focal therapy (49).

Accordingly, the goal of this study was to correlate metabolite concentrations from snap-
frozen, patient biopsies of residual cancer after radiation therapy with histopathological
findings, including pathologic grade and Ki-67 immunohistochemistry, to identify
quantitative metabolic biomarkers that predict for residual aggressive versus indolent/dying
cancer. These quantitative metabolic biomarkers will be used in future in vivo
multiparametric MR studies to investigate the improvement they provide for the selection
and therapeutic planning of patients that would benefit most from salvage focal therapy after
failed radiation therapy.
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Methods
Subjects

Our institutional research board reviewed and approved this study, it was compliant with
United States Government Health Insurance Portability and Accountability Act (HIPAA)
requirements, and informed consent was obtained from all patients.

A total of 124 TRUS-guided biopsy specimens acquired from 47 men with untreated
prostate cancer and from 39 men with recurrent prostate cancer following radiation therapy
were used for this study. The mean time interval from patient receiving radiation therapy
administered to the prostate to TRUS-guided biopsy of the prostate was 6.4 years (range, 2
to 15 years). Detailed patient characteristics, including the types of radiation therapy
received, are described in Table 1 and their biopsy characteristics are provided in Table 2.

Under TRUS-guidance, 16 to 20 core biopsy specimens were obtained as part of usual
clinical care; two additional specimens were acquired for research purposes. These two
specimens were immediately snap-frozen on dry ice in cryovials, and stored in −80°C until
further analysis. Tessem MB et al. have detailed this process in a previous publication (48).

1H HR-MAS Spectroscopy Acquisition
Acquired biopsy tissues (5.4±1.2 mg) were prepared as previously described (48), and
placed into custom designed 20 μl or 35 μl leak proof zirconium rotors containing 3.0 μl
deuterium oxide and 0.75 wt% sodium-3-trimethylsilylpropionate-2,2,3,3-d4 acid (D2O
+TSP). Quantitative 1D 1H HR-MAS ‘presat’ data were acquired at 11.7T (500 MHz
for 1H), 1°C, and 2,250 Hz spin rate using a Varian INOVA spectrometer, equipped with a 4
mm gHX nanoprobe (Varian Inc, Palo Alto). Fully relaxed water pre-saturated spectra were
acquired using 40,000 points, 20,000-Hz spectral window, 2-s pre-saturation delay, 2-s
acquisition time (total 4-s repetition time, or TR), four steady-state pulses, and 124
transients.

For quantification of prostate metabolites, an electronic reference was added using the
electronic reference to access in vivo concentrations (ERETIC) method (50). 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
monthly using standard solution of D2O + TSP.

2D total correlation spectroscopy (TOCSY) was acquired after the 1D ‘presat’ HR-MAS
data acquisition. The TOCSY spectra were acquired using a rotor synchronized adiabatic
(WURST-8) mixing scheme with 1-s pre-saturation delay, 0.2-s acquisition time, 40-ms
mixing time, 24 transients/increment, 20,000 × 6000 Hz spectral width, 4096 × 64 complex
points, and a time of ~1 hour (36,40).

1H HR-MAS Spectroscopy Data Analysis and Quantification
Acquired HR-MAS biopsy data were processed offline using ACD/Labs 1D and 2D NMR
processor version 9 (ACD/Labs, Toronto, Canada). 1D spectra were first prepared by
linearly predicting the first two points of the FID. Each spectrum was phase – corrected,
frequency – referenced to the CH3 peak of creatine, and the residual water peak was
removed using the Java-based graphical user interface for the Magnetic Resonance User
Interface (jMRUI) package (51). 1D data were then quantified using the high resolution
quantum estimation (HR-QUEST) method (52). To determine goodness of fit, HR-QUEST
estimated the Cramér – Rao Lower Bounds (CRLB) percentages of the measured
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metabolites for each prostate biopsy spectrum. Metabolites with CRLB >15% were excluded
from analysis. By modeling the broad lipid and macromolecule resonance overlapping
lactate at 1.33 ppm, HR-QUEST was able to resolve the lactate amplitude.

In 3 out of 53 biopsies, lactate measurements were considered unusable due to improper fit
of the lipid and macromolecule peak at 1.33 ppm. Concentrations were calculated relative to
the amplitude of the ERETIC signal according to Eq. [1]:

[1]

Where Am = the metabolite amplitude, Ae = the amplitude 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 main
metabolite resonance used in HR-QUEST fitting, tissue mass = mass of the prostate biopsy
(kg), and [M] = the metabolite concentration in mmolal.

2D TOCSY data were processed and quantified as described previously (36,40). PC and
GPC concentrations were estimated using the side chain CH2-CH2 cross-peak volumes
relative to the diagonal of TSP. PC, GPC and TSP cross-peaks were volume integrated and
corrected for the magnetic transfer efficiency (KMT). Concentrations were then calculated
relative to the TSP cross-peak volume, TSP 1D integrated area and ERETIC 1D integrated
area according to Eq. [2]:

[2]

Where Vmet = integrated volume of either PC or GPC cross-peak, VTSP = integrated volume
of the TSP diagonal peak, AreaTSP, 1D = integrated area of the TSP peak from the 1D
spectrum, Areae = integrated area of the ERETIC peak from the 1D spectrum.

Histopathologic Analysis
Following 1H HR-MAS acquisition, biopsy tissues were frozen in Tissue-Tek® optimal
cutting temperature (OCT) tissue – embedding medium (Fisher, Pittsburgh, PA, USA), and
sectioned at −22°C using a Leica CM1850 cryostat (Leica Microsystem, Wetzlar, Germany).
Tissues were sectioned at 5 to 7 μm intervals, placed on individual histology slides, and
stained with hematoxylin and eosin (H&E) using a standard protocol. Additional sections
were cut for high-molecular-weight keratin staining to confirm the presence of cancer, and
Ki-67 immunohistochemical staining (53). For Ki-67, the slides were incubated for 60 min
with a monoclonal mouse Ki-67 antibody, clone MIB-1 (M7240, Dako, Copenhagen,
Denmark), diluted 1:100 at room temperature. Secondary antibody was peroxidase-labeled
horseradish peroxidase polymer (Dako), incubated for 60 min. The antigen localization was
achieved by the 3,3′-diaminobenzidine chromogen (Dako). Nuclei were considered to be
Ki-67 positive if any nuclear staining was present, regardless of staining intensity.

Two pathologists (12 and 16 years of experience) reviewed the slides and estimated the
percentage of benign glandular epithelium, stroma, prostatic intraepithelial neoplasia (PIN),
benign prostatic hyperplasia (BPH), chronic inflammation (prostatitis), prostate cancer
(Gleason grade), and % of Ki-67 positively stained tissue in each core. Benign prostatic
biopsy tissues that consisted of ≥ 25% glandular tissue were defined as predominately
glandular tissue. A Ki-67 labeling index was defined as the percentage of positively staining
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cells for each cell type, as determined by counting approximately 1000 cells of that type.
Pathology readings and Ki-67 labeling index were then recorded into a database and
averaged for both readers. The malignant biopsy tissues were further separated according to
their pathologic grade and Ki-67 labeling index. Biopsy tissues with Ki-67 labeling index ≤
5% were classified as indolent cancer (8,34,35), while biopsy tissues with Ki-67 labeling
index > 5% were classified as aggressive cancer (Table 2).

Statistical Analysis
Statistical analyses were performed using JMP Software (SAS Institute Inc., 2008, version
8.0). Metabolite concentrations (mmol/kg) were compared between benign and residual
cancer tissues as well as among benign, indolent and aggressive residual cancer using a
linear mixed-effects model (54). The model used metabolite concentrations as the dependent
variable, disease status (Ki-67 labeling index and grade) as fixed effect and individual
patients as random effect. Thus, effects from repeated samples of patients were removed.
Non-parametric Wilcoxon Rank Sum Test or Kruskal-Wallis Test was used for multiple
comparisons. For all statistical analyses, a probability value of less than 0.05 was considered
significant. The performance of using total choline (PC + GPC + free choline) to creatine
ratio to diagnose aggressive residual disease was described using receiver operating
characteristic (ROC) curve. Biopsy tissues with Ki-67 staining greater than 5% were
considered to be aggressive cancer (8).

Results
The average serum PSA level of patients with prostate cancer after therapy was significantly
lower than prior to therapy, even for patients with similar amounts of recurrent cancer after
therapy (Table 1). Figures 2 and 3 demonstrate representative 1H HR-MAS spectra, H&E
and Ki-67-stained histologic sections from benign, indolent and aggressive prostate cancer
biopsies from patients prior to and after radiation therapy. Of the 71 untreated prostate
biopsy specimens, histopathology demonstrated that 58 were benign tissues (38
predominately glandular, 20 predominately stromal), 5 were indolent cancers, and 8 were
aggressive cancers. Of the 53 post-radiation prostate biopsies, 32 were benign tissues, 7
indolent/dying cancers, and 12 were aggressive (Table 2). The percentage of the biopsy
cores that were positive for cancer ranged from 5 to 60% (14.0 ± 8.8%). No significant
difference was observed between the average percentage of biopsy core positive for
untreated and treated cancer samples or between the recurrent indolent and aggressive
cancer samples.

Ki-67 labeling index was very low and not different between untreated predominately
glandular and stromal benign samples (Table 2). For both untreated and post-radiation
biopsy tissues, Ki-67 labeling index for aggressive cancer (11.0 ± 1.7% and 16.0 ± 3.3%,
respectively) was significantly higher compared to benign (0.23 ± 0.14% and 0.10 ± 0.08%,
respectively) and indolent cancer biopsies (1.40 ± 0.33% and 1.00 ±0.42%, respectively).
Interestingly, benign tissues had a significant reduction and recurrent aggressive cancer had
higher Ki-67 labeling after radiation therapy. Of particular importance to the current study,
was a significant correlation between Ki-67 labeling index and [PC + GPC + free Cho] in
both untreated (Spearman ρ = 0.57; p < 0.001) and irradiated (Spearman ρ = 0.62; p < 0.001)
cancer biopsy specimens, and the majority of the (15 out of 17) cancers classified as
aggressive by the Ki-67 staining had a primary Gleason 4 pattern (Gleason score ≥ 4+3).,
and the other two had had ≥ 3+4 (Table 2).

Representative fully relaxed 1H HR-MAS spectra of untreated predominately stromal (A),
predominately glandular (B) benign prostate samples, and indolent (C), and aggressive
cancer (D) samples are shown in Figure 2. Similar to previous HR-MAS studies of
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surgically removed prostate tissues, predominately glandular biopsy benign tissues (Figure
2B) demonstrated high levels of citrate (doublet of doublets at 2.55 ppm) and polyamines
(broad multiplet at 3.13 ppm), which were progressively reduced in both indolent and high-
grade prostate cancer spectra (36,40–42). Predominantly benign stromal tissues also
demonstrated a significant reduction (p ≤ 0.001) in citrate and polyamines relative to benign
glandular tissues (Figure 2, Table 3). In cancer there was also a clear increase in the free
Cho (3.21 ppm), PC (3.23 ppm) and GPC (3.24 ppm) resonances in prostate cancer relative
to benign glandular and stromal prostate tissues. Quantitatively, these observations proved
true, with the concentration of citrate and polyamines being significantly lower and
phospholipid metabolites significantly higher in prostate cancer relative to benign prostate
tissues (Table 3). Moreover there was a significant increase in the concentration of
phospholipid metabolites, [PC + GPC + free Cho], between benign and indolent cancer
biopsies and between indolent and aggressive cancers (Figure 4A and Table 3). However,
there was overlap of individual [PC + GPC + free Cho] values in indolent cancer with both
benign and aggressive cancer biopsy tissues (Figure 4A). Other lower signal to noise
prostate metabolites also demonstrated significant differences in their concentrations
between untreated cancer and benign samples. These included significant increases in
glutamate (multiplet at 2.35 ppm), alanine (doublet at 1.48 ppm) and lactate (doublet at 1.33
ppm) (Figure 4C) in untreated cancer relative to benign biopsies (Table 3).

Representative fully relaxed 1H HR-MAS spectra of radiation-treated benign prostate
samples (A), and indolent (B), and aggressive cancer (C) samples are shown in Figure 3.
Effective radiation therapy induces glandular atrophy resulting in irradiated benign prostatic
tissues being predominately stromal tissue (Figure 3A) similar to untreated benign stromal
tissues (Figure 2A). Since citrate and polyamine production are associated with glandular
prostate tissues not stroma (55), there was a loss of citrate and polyamines in irradiated
benign tissues (Figure 3A). A number of post radiation benign and malignant tissues did
retain some glandular architecture and had detectable levels of polyamines and citrate in the
associated 1H HR-MAS spectra. In both irradiated benign and malignant tissues, there was a
significant reduction in [PC + GPC + free Cho], but the concentration of phospholipid
metabolites in recurrent malignant tissues remained significantly higher than in irradiated
benign tissues (Table 4). Similar to pre-treatment (Figure 4A), there was an increase in [PC
+ GPC + free Cho] between benign, indolent and aggressive cancer biopsies (Figure 4B and
Table 4). Of particular importance to the current study, [PC + GPC + free Cho] was
significantly higher in aggressive recurrent cancer than in benign tissues and indolent/dying
tumors (Figure 4B and Table 4). [Lactate] was also significantly higher in post-radiation
residual prostate cancer relative to benign tissue, but did not discriminate aggressive and
indolent recurrent cancer (Figure 4D and Table 4). The amplitudes of glutamate and alanine
were typically reduced to noise level of 1H HR-MAS spectra after radiation therapy and
therefore were not useful as biomarkers of cancer presence or aggressiveness.

Figure 5 demonstrates the upper diagonal CH2-CH2 region of the 2D TOCSY spectra from
the representative untreated and irradiated aggressive cancer biopsies shown in Figures 2D
and 3C. On visual inspection, GPC cross-peaks were higher than PC in untreated cancer
versus post-radiation cancer biopsy tissues. Quantitatively, these observations proved true
with [GPC] and [PC] being the most dominant phospholipid metabolites in untreated and
treated aggressive cancers, respectively. Specifically, in untreated aggressive cancer tissues,
[GPC] was 1.10 ± 0.46 mmolal, almost 2-fold higher than [PC] (0.60 ± 0.20 mmolal). On
the contrary, in post-radiation aggressive cancer tissues, [PC] was 0.96 ± 0.21 mmolal, more
than 7-fold higher than [GPC] (0.13 ± 0.06 mmolal). On average, the post radiation biopsies
studied had a significantly (p ≤ 0.001) higher Ki-67 labeling index and were of higher
pathologic grade (Table 2).
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Figure 6 is a ROC curve demonstrating the performance of using the total choline to creatine
ratio, [PC + GPC + free Cho]/[Cr], to predict aggressive recurrent prostate cancer after
radiation therapy. Creatine concentration did not significantly change between benign (1.30
± 0.10 mmolal), indolent (1.31 ± 0.22 mmolal) and aggressive cancer (1.30 +− 0.22 mmolal)
tissues after radiation therapy. Therefore the total choline-to-creatine ratio can be used in in
vivo 1H MRSI studies where concentrations are difficult to measure. The mean tCho/Cr
concentration ratio significantly (p = 0.02) increased in indolent (0.50 ± 0.09) cancer versus
benign tissues (0.38 ± 0.04) and in aggressive cancer (0.82 ± 0.17) versus indolent cancer (p
≤ 0.005). Since the choline and creatine head-groups have 9 and 3 equivalent protons and
similar T1 and T2 relaxation times (56), respectively, the in vivo tCho/Cr peak ratio will be
approximately 3 times larger than the concentration ratio (1.1 ± 0.1, 1.5 ± 0.2 and 2.4 ± 0.4
for benign, indolent, and aggressive recurrent cancer, respectively). The area under the ROC
curve for predicting aggressive cancer using [PC + GPC + free Cho]/[Cr] ratio was 0.95
(confidence interval = 0.88 to 1.00).

DISCUSSION
A growing number of prostate cancer patients receiving multiparametric 1H MR exams are
referred for suspected local cancer recurrence after radiation therapy. Recurrent cancer is
typically suspected in these patients due to a detectable or rising PSA (3), however as
demonstrated in this study, even patients with aggressive recurrent cancer often have much
lower PSA concentrations than those with similar cancer burdens prior to therapy (3.40 ±
0.91 versus 19 ± 13 ng/mL for aggressive recurrent cancer and aggressive untreated cancer
patients). This is most likely due to the reduction in contribution of serum PSA arising from
benign prostate tissues effectively treated during radiation therapy, since a significant
amount of serum PSA arises from benign prostate tissues.

The identification of recurrent prostate cancer after radiation by either a PSA nadir or
pathology of subsequent prostate biopsies is further confounded by the relatively slow rate
of radiation-induced cellular death (28), and radiation-induced pathologic changes (6–8),
resulting in the inability to accurately predict clinical progressive recurrent cancer within the
first two years after radiation therapy. However, prior published studies have associated high
cellular staining of the nuclear antigen Ki-67 with high pathologic grade prostate cancer
(31–33) and with subsequent local failure of radiation therapy of prostate cancer (8,34,35).
Using greater than 5% Ki-67 staining of prostate cancer as a measure of recurrent aggressive
cancer (8,34,35), this study demonstrated that the concentration of phospholipid metabolites,
[PC + GPC + free Cho], was significantly higher in these recurrent tumors as compared to
both benign tissues and/or indolent/dying tumors after radiation therapy. Moreover, the
majority of cancers classified as aggressive by Ki-67 staining had a primary Gleason 4
cancer (Gleason score ≥ 4+3), a pathologic pattern considered to be clinically aggressive/
progressive disease (57,58). The ability to discriminate recurrent aggressive cancer
following radiation therapy has clinical significance, as the detection of residual cancer at an
earlier time after treatment could allow earlier intervention with additional salvage therapy.

The 2D TOCSY HR-MAS data also demonstrated that glycerophosphocholine was the
dominant choline-containing phospholipid metabolite in aggressive untreated human
prostate cancer tissue (PC/GPC = 0.6), which is in agreement with prior studies of surgical
human prostate specimens (36,40). Whereas phosphocholine was found to be the dominant
phospholipid metabolite with GPC being dramatically reduced (PC/GPC = 7.6) in recurrent
aggressive prostate cancer after radiation therapy. In previous studies of culture-
immortalized (37) and primary human prostate cancer cells (39), [PC] was also the dominant
phospholipid. PC and GPC serve as a precursor and a degradation product of phospholipid
metabolism, respectively. Enhanced [PC]/[GPC] ratio has been suggested to indicate tumor
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progression from lower to higher malignancy grades in breast cancer cell lines and brain
tumors (38,59–63). PC has also been proposed to be mitogenic by acting as a mediator of
growth factor-induced cell proliferation (38,61,63–65). The [PC]/[GPC] ratio difference
observed in this study between untreated and post-radiation residual prostate cancer,
especially in high-proliferative cancer specimens, might be a result of the survival of a more
aggressive cell phenotype with higher radio-resistance following radiation therapy. Several
clinical studies have shown that conventional-dose radiation therapy does not eradicate
prostate cancer in a significant proportion of cases, leading to eventual clinical recurrence
(66,67).

The concentration of lactate was also found to be significantly higher in post-radiation
residual prostate cancer relative to benign tissue, but [lactate] did not reach statistical
significance in discriminating aggressive and indolent recurrent cancer. The significant
increase in lactate concentrations found in both untreated and post-radiation residual prostate
cancer is in agreement with previous 1H HR-MAS study of prostate tissues (48) and other
human cancers (68–71). In vivo prostate lactate levels have not been typically monitored
by 1H MRSI studies of patients due to complications with overlapping lipid. 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 (72). Additionally, new hyperpolarized 13C MR techniques could potentially take
advantage of elevated lactate in proliferating residual cancer after radiation therapy.
Elevated hyperpolarized [1-13C] lactate levels have been shown to correlate with prostate
cancer grade (47), and with failed androgen deprivation therapy in the transgenic
adenocarcinoma of mouse prostate (TRAMP) model (73). Hyperpolarized [1-13C] lactate
levels have also been shown to be a sensitive index of radiation-induced biochemical
changes (74,75). Therefore, the changes in lactate observed in the present study could be
used to improve clinical diagnosis and monitoring of prostate cancer progression after
radiation therapy using hyperpolarized 13C MR techniques.

Other prostate metabolites, including citrate, polyamines, alanine, and glutamate, which
demonstrated significant differences in their concentrations between untreated cancer and
benign biopsy tissues in this study and in a number of prior in vivo 1H MRSI (16,44–46,76)
and ex vivo 1H HR-MAS spectroscopy studies (41,42,48,77), were typically reduced to noise
level in 1H HR-MAS spectra of post radiation biopsies. Since radiation therapy induces
glandular atrophy, effectively irradiated benign prostatic tissues were observed to be
pathologically similar to untreated benign stromal tissues, with an associated loss of the
prostatic secretory metabolites polyamines and citrate in the 1H HR-MAS spectra. The time-
dependent loss of citrate and polyamines in both benign and malignant tissues after radiation
therapy has been observed in several serial 1H MRSI studies of prostate cancer patients
(17,18). Additionally, prostate tissues receiving insufficient doses of radiation in these in
vivo studies often had 1H MRSI spectra containing observable citrate and polyamine
metabolite resonances and the associated prostate tissue presumably retained some glandular
architecture (17,18) similar to the glandular pathology that was observed in a number of
post-radiation biopsies that also demonstrated 1H HR-MAS spectra detectable citrate and
polyamine concentrations. There was also an approximate 50% reduction in the
concentration of all prostate metabolites reliably detected in both pre-treated and irradiated
biopsy tissues, but the concentration of the choline-containing phospholipid metabolites
remained in the in vivo 1H MRSI detectable millimolar concentration range and were
approximately 3 fold higher than irradiated benign tissues and approximately 2 fold higher
than recurrent indolent cancer biopsies. Indeed, successful radiation treatment has been
characterized by in vivo 1H MRSI as a lack of metabolic activity or “metabolic atrophy”
(17,18). Whereas, recurrent prostate cancer can be detected by in vivo 1H MRSI based on an
elevated in vivo total choline resonance (11,19).
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Since absolute concentrations of individual choline-containing phospholipid metabolites are
very difficult to measure using in vivo 1H MRSI, the total choline to creatine ratio has been
used to identify recurrent prostate cancer after radiation (11,19). In this study, the
concentration of creatine did not significantly change between benign, indolent and
aggressive cancer biopsy tissues after radiation therapy, indicating that the changes observed
in the total choline to creatine ratio after radiation predominately reflect changes in the
concentration of choline-containing phospholipid metabolites. There was significant changes
in the mean tCho/Cr ratio between benign indolent and aggressive cancer tissues after
radiation therapy, and the area under the ROC curve analysis of tCho/Cr demonstrated an
accuracy of 95% (confidence interval = 0.88 to 1.00) for predicting aggressive recurrent
disease. These findings are consistent with prior MRI/1H MRSI studies of prostate cancer
patients after radiation therapy demonstrating that tCho/Cr provided the most accurate
predictor of the presence of recurrent cancer after radiation therapy (11,19). The mean tCho/
Cr ratio threshold for the detection of any (indolent or aggressive) recurrent cancer (≥ 1.5 ±
0.2) after radiation in this study was not different from the ratio that was determined from a
ROC analysis of prior in vivo data (tCho/Cr threshold ratio of ≥ 1.5). The tCho/Cr ratio was
significantly higher for identifying aggressive cancer (tCho/Cr = 2.4 ± 0.4) suggesting that a
higher threshold tCho/Cr ratio could improve the selection and therapeutic planning of
patients that would benefit most from salvage focal therapy after failed radiation therapy.

This study has several limitations. Although biopsy tissues provided a more accurate
snapshot of in vivo metabolism, there were a number of contaminants compared to surgical
samples. These contaminants arose from periprostatic lipid contamination and the topical
anesthetic (Hurricaine®; Beulich) that was applied prior to the TRUS procedure. This
resulted in 5 (~6%) prostate biopsy samples being unusable for determining lactate
concentrations. The lack of significance of lactate concentration to predict recurrent
aggressive cancer could be due to this smaller sample size since there was trend towards
significance. Additionally, only two additional research biopsies could be obtained per
patient and the sample sizes were much smaller than what can be obtained from surgical
specimens. Nevertheless, the use of snap-frozen biopsy tissues was critical for this study in
order to minimize the impact of anaerobic glycolysis, which occurs in surgical specimens.
We attempted to overcome the subjectivity of determining cancer percentage, Ki-67 labeling
index and cancer grade for biopsies by averaging duplicate readings of two prostate
pathologists with extensive experience, but a more quantitative pathologic approach would
be important in future studies (78). Another limitation of this study was the variability of the
cancer percentage within the biopsy tissues used. This is an unfortunate consequence of the
fact that many TRUS – guided biopsy tissues obtained have very small amounts of prostate
cancer. We found that correcting the samples for percentage cancer was problematic for
specimens containing small amounts of prostate cancer. However, to minimize the impact of
the % cancer on the statistical comparison of tissue types before and after radiation therapy,
we made sure there was no significant difference was observed between the average
percentage of biopsy core positive for untreated and treated cancer samples or between the
recurrent indolent and aggressive cancer samples. Most likely, the differences between
benign, indolent and aggressive cancer would be even more significant if tissues could be
obtained with higher percentages of cancer. Future studies could use direct MR-guided
biopsies, recently approved by the Food and Drug Administration (79) to provide improved
the collection of higher percentages of cancer from the dominant lesion in the prostate.

CONCLUSIONS
This study demonstrated that the concentrations of phospholipid metabolites (PC, GPC and
free Cho), and lactate were significantly elevated in recurrent cancer as compared to
surrounding benign tissues. There was also a significant increase in phosphocholine
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concentration and reduction in glycerophosphocholine concentration between untreated and
irradiated prostate cancer biopsies that were associated with significantly higher Ki-67
staining indices and pathologic grade. Other prostate metabolites, including citrate,
polyamines, alanine, and glutamate which demonstrated significant differences in their
concentrations between untreated cancer and benign biopsy tissues were typically reduced to
the noise level of 1H HR-MAS spectra for post radiation biopsies. The concentration of the
choline-containing phospholipid metabolites and the associated total choline to creatine ratio
in recurrent aggressive cancer was significantly higher than irradiated benign tissues (≈3
fold) and recurrent indolent cancer biopsies (≈ 2 fold). These results support the role of in
vivo 1H MRSI to discriminate between aggressive/progressive and indolent dying prostate
cancer following radiation therapy based on the magnitude of elevation of the in vivo total
choline to creatine ratio. This hypothesis will need to be tested through future in vivo
multiparametric MR studies of patients with rising PSA after failed radiation therapy.
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Abbreviations

HR-MAS High resolution magic angle spinning

MR Magnetic resonance

1D One dimensional

2D Two dimensional

TR Repetition time

TRUS Transrectal ultrasound

PSA Prostate specific antigen

PIN Prostatic intraepithelial neoplasia

BPH Benign prostatic hyperplasia

OCT Optimal cutting temperature

TOCSY Total correlation spectroscopy

TSP 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid

H&E Hematoxylin and eosin

Cho Choline

PC Phosphocholine

GPC Glycerophosphocholine

tCho Total choline

Cr Creatine

PA Polyamines

MyoI Myo-inositol
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Glu Glutamate

Ala Alanine

Lac Lactate

PE Phosphoethanolamine

GPE Glycerophosphoethanolamine

Eth Ethanolamine

ERETIC Electronic reference to access to in vivo concentrations

HR-QUEST High resolution quantum estimation

jMRUI Java-based graphical user interface for the magnetic resonance user
interface

CRLB Cramér – Rao Lower Bounds

MRSI Magnetic resonance spectroscopy imaging

ROC Receiver operating characteristic

AUC Area under the receiver operating characteristic curve

ADC Apparent diffusion coefficient

DCE Dynamic contrast enhancement

DWI Diffusion weighted imaging

TRAMP Transgenic adenocarcinoma of the mouse prostate
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Figure 1.
(A) Representative T2 - weighted axial image of a 63 year old patient with a PSA of 2.4 ng/
ml, 2.5 years after external beam radiation therapy. (B) Corresponding apparent diffusion
coefficient (ADC) image and (C and D) 0.16 cc 1H MRSI spectral array. The red arrows on
the ADC image indicate a region of clear cut ADC reduction in the right midgland of the
prostate (≤ 1.0 × 10−3 mm2/sec), which was not clear on the corresponding T2-weighted
image (A). Spectra overlapping the region of reduced ADC (C and D) demonstrated and
absence of citrate and polyamines and a very elevated choline to creatine ratio. A subsequent
MR targeted TRUS guided biopsy demonstrated a large volume of recurrent Gleason 4+4
cancer in the same location as the ADC and metabolic abnormalities.
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Figure 2.
A comparison of representative 1D HR-MAS spectra, and corresponding H&E and Ki-67-
stained sections of snap-frozen prostate biopsy tissues taken from regions of (A) benign
stromal tissue (5% glandular, 95% stromal, 0% Ki-67), (B) benign glandular tissue (38%
glandular, 62% stromal, 0% Ki-67), (C) indolent cancer (10% Gleason 3+3, 30% glandular,
60% stromal, 1% Ki-67) and (D) aggressive prostate cancer (27% Gleason 4+3, 15%
glandular, 38% stromal, 13% Ki-67). (Left) One-dimensional HR-MAS spectra.
Corresponding hemoatoxylin/eosin (H&E)-stained histologic (middle) and Ki-67-stained
sections (right). The major metabolites resonances are shown. PC, phosphocholine; GPC,
glycerophosphocholine; Cho, free choline; Cr, creatine; PA, polyamines; MyoI, myo-
inositol; Glu, glutamate; Ala, alanine; Lac, lactate;
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Figure 3.
A comparison of representative 1-D HR-MAS spectra, and corresponding H&E and Ki-67-
stained sections of snap-frozen post-radiation prostate biopsy tissues taken from regions of
(A) residual benign tissue (100% stromal, 0% Ki-67), (B) indolent/dying recurrent cancer
(45% Gleason 3+4, 5% glandular, 50% stromal, 1% Ki-67) and (C) aggressive cancer (42%
Gleason 4+3, 5% glandular, 53% stromal, 10% Ki-67). (Left) One-dimensional HR-MAS
spectra. Corresponding hemoatoxylin/eosin (H&E)-stained histologic (middle) and Ki-67-
stained sections (right).
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Figure 4.
(A and B) Quantitative comparison of phosphocholine (PC), glycerophosphocholine (GPC)
and free choline concentrations in untreated and post-radiation prostate biopsy tissues. In
untreated biopsy tissues (left), [PC+GPC] was found to be statistically significant between
all three tissue types (benign, indolent and aggressive cancer). In post-radiation biopsy
tissues (right), [PC+GPC] was found to be statistically significant between benign and
recurrent aggressive cancer, and between recurrent indolent and aggressive cancer). (C and
D) Quantitative comparison of lactate concentrations in untreated and post-radiation prostate
biopsy tissues. [Lactate] was found to be statistically significantly different between benign
and malignant biopsy tissue in both untreated and post-radiation biopsy tissues, but did not
discriminate between indolent and aggressive cancer.
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Figure 5.
A comparison of representative 2-D HR-MAS total correlation spectra of snap-frozen
prostate biopsy tissues taken from regions of untreated aggressive prostate cancer (27%
Gleason 4+3, 15% glandular, 38% stromal, 13% Ki-67) (A) and post-radiation aggressive
prostate cancer (42% Gleason 4+3, 5% glandular, 53% stromal, 10% Ki-67) (B). The major
metabolites resonances are shown. PE, phosphoethanolamine; GPE,
glycerophosphoethanolamine; Eth, ethanolamine;
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Figure 6.
The performance of using total choline (PC+GPC+Cho) to creatine ratio to diagnose
aggressive residual disease was described using receiver operating characteristic (ROC)
curve. The area under the ROC curve was 95% (confidence interval = 0.88 to 1.00)
indicating that the magnitude of the in vivo total choline to creatine ratio would be an
accurate predictor of aggressive recurrent prostate cancer after radiation therapy.
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Table 1

Patient Characteristics

Pretreatment patients (n=47) Post-radiation patients (n=39)

Age (years mean ± SD) 69.3 ± 7.4 68.4 ± 7.0

PSA (ng/ml mean ± SD) 9.8 ± 12.0 2.7 ± 2.1

Type of Radiation therapy

 External beam - 15

 Permanent prostate seed implantation (PPI) brachytherapy - 17

 Combination of external beam and PPI brachytherapy - 1

 High-dose-rate (HDR) brachytherapy 2

 Combination of external beam and HDR brachytherapy 2

 Proton beam - 1

 Combination of external beam and proton beam - 1
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Table 3

Significant Metabolic Differences Between Benign and Malignant Untreated Prostate Biopsies

Metabolite (mmolal ± SE) Benign (n=58) Cancer (n=13) p

[PC + GPC + free Cho] 0.61 ± 0.05 1.57 ± 0.19 <0.001

[PE] 0.78 ± 0.09 1.15 ± 0.17 0.03

[lactate]* 0.78 ± 0.16 1.60 ± 0.31 0.01

[alanine] 0.27 ± 0.03 0.54 ± 0.05 <0.001

[Glutamate] 1.57 ± 0.17 2.62 ± 0.26 <0.001

[Citrate]† 6.11 ± 0.75 4.48 ± 0.74 0.0015

[Polyamines]† 0.74 ± 0.20 0.35 ± 0.15 0.0036

Metabolite (mmolal ± SE) Benign (n=58) Indolent Cancer (n=8) Aggressive Cancer (n=5) p

[PC + GPC + free Cho] 0.61 ± 0.05 1.22 ± 0.19 2.06 ± 0.23 0.003a, <0.001b, 0.02c

*
n = 54 for lactate in benign and n = 10 for lactate in cancer biopsy samples.

†
Only predominately glandular biopsies (N=38). [Citrate] and [polyamines] were significantly higher in predominantly glandular relative to

predominantly stromal benign biopsies (p ≤ 0.001).

a
Indolent versus benign.

b
Aggressive versus benign.

c
Indolent versus Aggressive.
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Table 4

Metabolite Concentrations in Treated Biopsies

Metabolite (mmolal ± SE) Benign (n=34) Cancer (n=19) p

[PC + GPC + free Cho] 0.44 ± 0.03 0.91 ± 0.07 <0.001

[Lactate] 0.70 ± 0.05 1.04 ± 0.06 0.001

Metabolite (mmolal) Benign (n=34) Indolent Cancer (n=7) Aggressive Cancer (n=12) p

[PC + GPC + free Cho] 0.44 ± 0.03 0.66 ± 0.07 1.05 ± 0.07 0.37a, <0.001b, 0.04c

a
Indolent versus Benign.

b
Aggressive versus Benign.

c
Indolent versus Aggressive
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