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SYNOPSIS
Commercial MRI/MRSI packages for staging prostate cancer on 1.5 T MR scanners are now available
and the technology is becoming mature enough to begin assessing it’s clinical utility in selecting,
planning and following prostate cancer therapy. Prior to therapy, Studies have demonstrated that
1.5T MRI/MRSI has the potential to significantly improve the local evaluation of prostate cancer
presence and volume and has been shown to have a significant incremental benefit in the prediction
of pathological stage when added to clinical nomograms. After therapy, two metabolic biomarkers
of effective (metabolic atrophy) and ineffective therapy (3 or more voxels of elevated choline to
creatine) have been identified and are being validated with 10 year outcomes. Recent studies have
also shown that accuracy can be improved by performing MRI/MRSI at higher magnetic field
strengths (3T), using of more sensitive hyperpolarized 13C MRSI techn1ques and through the
addition of other functional MR techniques, namely diffusion-weighted imaging (DWI) and dynamic
contrast-enhanced (DCE) MRI.
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INTRODUCTION
While Magnetic Resonance Imaging (MRI) traces anatomy, 1H Magnetic Resonance
Spectroscopic Imaging (MRSI) is used to spatially detect deviations from normal biochemistry
that occurs in tumor tissue. Specifically, MR anatomic images, especially high spatial
resolution combined endorectal coil pelvic phased array MR images, provide an excellent
depiction of prostatic anatomy with regions of healthy prostate tissue demonstrating higher
signal intensity than prostate cancer on T2-weighted images (1). MRSI provides a non-invasive

© 2008 Elsevier Inc. All rights reserved.
aCorresponding author for proofs and reprints: John Kurhanewicz, Ph.D. University of California, San Francisco Byers Hall, Room 203E
1700 4th Street, Box 2520 San Francisco, CA 94158 Tel: (415) 514-9711 Fax: (415) 514-4714 john.kurhanewicz@radiology.ucsf.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2009 November 8.

Published in final edited form as:
Magn Reson Imaging Clin N Am. 2008 November ; 16(4): 697–x. doi:10.1016/j.mric.2008.07.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



method of detecting small molecular biomarkers (choline-containing metabolites, polyamines
and citrate) within the cytosol and extracellular spaces of the prostate and is performed in
conjunction with high-resolution anatomic imaging (MRI) (2) (Figure 1).

The robust acquisition of prostate MRSI requires very accurate volume selection and efficient
outer volume suppression (3-5). The resonances for citrate, choline, creatine and polyamines
occur at distinct frequencies or positions in the spectrum, although the peaks for choline,
creatine and polyamines overlap at 1.5T (Figure 1C and D). The areas under these signals are
related to the concentration of the respective metabolites, and changes in these concentrations
can be used to identify cancer with good specificity (6,7). Specifically, in spectra taken from
regions of prostate cancer (Figure 1D), citrate and polyamines are significantly reduced or
absent, while choline is elevated relative to spectra taken from surrounding healthy peripheral
zone tissue (Figure 1C).

Commercial combined 1.5T MRI/MRSI exams are currently available and a growing amount
of published data has demonstrated that the metabolic biomarkers, choline, citrate and
polyamines, provided by 3-D 1H MRSI combined with the anatomical information provided
by MRI can significantly improve the detection and characterization of prostate cancer in
individual patients (8,9) (Figure 1). Recent patient studies have also demonstrated that the
detection and characterization of prostate cancer can be improved through the addition of more
sensitive spectroscopic imaging techniques (hyperpolarized 13C MRSI) (10), diffusion-
weighted imaging (DWI), dynamic contrast enhanced (DCE) imaging, and by performing the
multi-parametric imaging exam at 3T (9). In this chapter, the current status and recent advances
in MRI/MRSI of prostate cancer will be described.

Unique Metabolism of the prostate
The metabolic changes observed by 1H MRSI take advantage of the well documented unique
metabolism of healthy prostate epithelial cells which have the specialized function of
synthesizing and secreting large amounts of citrate which is dramatically reduced or lost in
prostate cancer (11-14). The decrease in citrate with prostate cancer is due both to changes in
cellular function (15) and changes in the organization of the tissue, resulting in a loss of its
characteristic ductal morphology (16,17). The loss of citrate in prostate cancer is intimately
linked with changes in zinc levels that are extraordinarily high in healthy prostate epithelial
cells (13,18). In healthy prostatic epithelial cells, the presence of high levels of zinc inhibit the
enzyme aconitase, thereby preventing the oxidation of citrate in the Krebs’ cycle (13,18).
Costello and Franklin, have shown that these elevated levels of zinc are primarily due to
increased expression of ZIP-type plasma membrane Zn uptake transporters (primarily Human
ZIP-1) (14). Human ZIP-1 is reduced and zinc levels are dramatically reduced in prostate cancer
and the malignant epithelial cells and there exists evidence that the loss of the capability to
retain high levels of zinc is an important factor in the development and progression of prostate
cancer (13,18). It is also believed that the transformation of prostate epithelial cells to citrate-
oxidizing cells, which increases energy production capability, is essential to the process of
malignancy and metastasis (12).

The elevation of choline-containing metabolites [phosphocholine (PC),
glycerophosphocholine (GPC), free choline (Cho)] and the over and under-expression of key
enzymes in phospholiopid membrane sysnthesis and degradation, specifically choline kinase
and a number of the phospholipases, have been associated with the presence, progression and
therapeutic response of a variety of human cancers including prostate (8,19-21). Specifically,
High Resolution Magic Angle Spinning (HR-MAS) spectroscopic studies of ex vivo surgical
prostate tissues demonstrated elevated levels of ethanolamine and choline containing
compounds and that elevated PC was the most robust predictor of prostate cancer (22). In 1H
MRSI studies of prostate cancer patients, the elevation of the in vivo “choline” resonance has
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also been the most specific biomarker of prostate cancer presence(8), and both in vivo and ex
vivo spectroscopic studies have shown that the degree of elevation of choline roughly correlates
with Gleason score (8).

Healthy prostate epithelial cells also contain very high concentrations of polyamines,
particularly spermine (8,23,24). Similar to citrate, polyamines are dramatically reduced in
prostate cancer and this reduction is associated with significant changes in the levels of
expression of polyamine metabolism regulatory genes (8,23). Ornithine decarboxylase
catalyzes the first step of spermine synthesis, and has been found to be over-expressed in
prostate cancer (23). The polyamines spermidine and spermine have been implicated or
involved in a wide variety of physiologic processes, most of which are closely related to cell
proliferation (25). The polyamines also exert diverse effects on protein synthesis and act as
inhibitors of numerous enzymes including several kinases (25). However, similar to citrate
high levels of spermine are found in the prostatic ducts and the observed changes in spermine
may also be due to the loss of ductal morphology or a reduction in the secretion of polyamines
in cancer (26).

CLINICAL APPLICATIONS OF 1.5T MRI/MRSI
■ Detection and Localization of Cancer Within the Prostate

In clinical practice, reliable detection and localization of often small regions of prostate cancer
is of increasing therapeutic importance due to the emergence of “active surveillance” and focal
ablative therapy (27). In addition, tumor localization has been related to the risk of post-
prostatectomy tumor recurrence, with a higher risk when surgical margins are positive at the
base than at the apex (6). It has been demonstrated in multiple studies that MRSI can be used
to improve the ability of MRI to identify the location and extent of cancer within the prostate
(6,7,28-31) (Figure 1). A study of 53 biopsy proven prostate cancer patients prior to radical
prostatectomy and step-section pathologic examination demonstrated a significant
improvement in cancer localization to a sextant biopsy of the prostate (left and right – base,
midgland, and apex) of the prostate using combined MRI/MRSI versus MRI alone. A combined
positive result from both MRI and MRSI indicated the presence of tumor with high specificity
(91%) while high sensitivity (95%) was attained when either test alone indicated the presence
of cancer (7). In another study it was found that the addition of a positive sextant biopsy finding
to concordant MRI/MRSI findings further increased the specificity (98%) of cancer
localization to a prostatic sextant, whereas high sensitivity (94%) was again obtained when
any of the tests alone were positive for cancer (6). However, more recent studies in early stage
prostate cancer patients have indicated that combined 1.5 MRI/MRSI does poorly at detecting
and localizing small low grade tumors (28,31,32). One recent study demonstrated that overall
sensitivity of MR spectroscopic imaging was 56% for tumor detection, increasing from 44%
in lesions with Gleason score of 3 + 3 to 89% in lesions with Gleason score greater than or
equal to 4 + 4 (32). The inability to detect small low grade tumors by 1.5T MRSI is primarily
due to averaging of surrounding benign tissue in spectroscopic volumes containing cancer due
to the spatial resolution of 1.5T MRSI (0.34 cc, ≈ 7mm on a side). In a recent multicenter trial
of prostate MRI/MRSI (ACRIN 6659), the clinical downstaging (smaller lower grade disease)
of prostate cancer in patients going on for surgery had a significant impact on the sensitivity
and specivicity of tumor detection. Complete data were available for 110 patients. MRI alone
and combined MRI/MRSI were of similar poor accuracy in peripheral zone tumor localization
(AUC of 0.60 versus 0.58, respectively, P > 0.05) (33). At 3T, spatial resolution of MRSI can
be increased ≈ 2 fold (0.16 cc, ≈ 5 mm on a side) in the same acquisition time (Figure 2), and
this will be clearly needed for the imaging of men with early stage, small volume (<0.5 cc)
prostate cancer.Another study demonstrated that DCE MRI can detect and determine the
volume of smaller foci of prostate cancer with greater overall accuracy than MRI/MRSI.
Sensitivity, specificity, and positive and negative predictive values for cancer detection by
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DCE MRI were 77%, 91%, 86% and 85% for foci greater than 0.2 cc, and 90%, 88%, 77%
and 95% for foci greater than 0.5 cc, respectively (34).

■ Tumor Volume Estimation
The pathologic finding that larger tumors are more likely to be of an advanced stage suggests
measurement of tumor volume may provide important information on prognosis that is
independent of direct morphologic assessment of extracapsular extension (35). This has
important implications for the potential prognostic role of imaging in prostate cancer, since:
“it is beyond the capability of any current imaging study to detect microscopic local tumor
extension”(36). Two recent studies suggest that MRI/MRSI and DCE MRI may non-invasively
provide estimates of cancer volume at diagnosis. One study investigated the estimation of
prostate cancer tumor volume by endorectal MRI and MRSI in 37 patients who were scanned
prior to radical prostatectomy (31). This study demonstrated that for nodules greater than 0.5
cm3, tumor volume measurements by MRI, MRSI, and combined MRI and MRSI were all
positively correlated with histopathologic volume (Pearson’s correlation coefficients of 0.49,
0.59, and 0.55, respectively), but only measurements by MRSI and combined MRI/MRSI
reached statistical significance (p < 0.05). The findings also suggested that the addition of
MRSI to MRI increased the overall accuracy of prostate cancer tumor volume measurement,
although measurement variability still limited consistent quantitative tumor volume estimation,
particularly for small tumors (under 0.5 cm3).

■ Detection of High Grade Prostate Cancer
The histology of prostate cancer is variable, ranging from well (Gleason score ≤ 3+4) to poorly
differentiated (Gleason score 4/3, 8, 9, 10) (37). The evaluation of the dominant histological
pattern is important, because poorly differentiated tumors are more aggressive, and are
predictive of cancer stage. Specifically, in a study of 113 patients undergoing radical
prostatectomy (38), 63% of patients with a Gleason score of 6 or less had organ-confined
disease, compared to 33% of patients with a Gleason score of 7 and 0% of patients with a
Gleason score of 8. Limitations of the Gleason score are clustering of assigned values to 6 and
7, and high inter-observer variability (39). MRSI may be able to provide an non-invasive
assessment of cancer grade for all of the cancer foci within the prostate, potentially with reduced
inter-observer variaility and grade clustering. Early biochemical studies have indicated that
citrate levels in prostatic adenocarcinomas are grade dependent, with citrate levels being low
in well-differentiated, low-grade prostatic cancer and effectively absent in poorly-
differentiated high-grade prostatic cancer (40,41). More recent proton high resolution magic
angle spinning (HR-MAS) spectroscopy studies of intact human prostate tissues have
demonstrated a significant, grade dependent elevation of choline and ethanolamine containing
phospholipid membrane metabolites in prostate cancer (19,20). In a MRI/MRSI study of 32
patients prior to surgery, there was a statistically significant relationship between the choline
and creatine to citrate ratio and Gleason score (42). However, these results were obtained for
lesions that were identified on pathology and that also had a concordant MRI finding of low
T2 signal intensity. In a study of 123 patients, where this approach was not taken, there was
only a trend in the choline+creatine/citrate ratio with Gleason score. In clinical practice, the
pathologic location of the lesion is not known and MRSI voxels contain a complex mixture of
malignant and benign tissue types which reduce its ability to determine cancer grade (32). This
can be improved with the improved spectral resolution obtainable on 3T MRSI.

■ Predicting Organ Confined (No extracapsular extension or seminal vesicle invasion)
Prostate Cancer

A more accurate prediction of organ confined prostate cancer at the time of diagnosis would
allow the determination of whether “focal therapy” is appropriate for a given patient. The use
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of T2-weighted fast spin echo imaging and a pelvic phased-array incorporating an endorectal
coil can markedly improved the evaluation of extracapsular extension (ECE: accuracy = 81%;
sensitivity = 84%; and specificity = 80%) and seminal vesicle invasion (SVI: accuracy = 96%;
sensitivity = 83%; and specificity = 98%) thereby improving the staging of prostatic cancer
(43). However, the detection of ECE and SVI by MRI is becoming more difficult since men
are being diagnosed at earlier stages of disease, and because the microscopic spread of cancer
through the prostatic capsule or into the seminal vesicles cannot be directly seen on MRI. Two
studies have suggested that the addition of MRSI to MRI data can improve prostate cancer
staging. In one study of 53 patients with early stage prostate cancer, tumor volume estimates
based on MRSI findings were combined with MRI criteria (44) in order to assess the ability
of combined MRI/MRSI to predict extracapsular cancer spread. It was found that tumor volume
per lobe estimated by MRSI was significantly (p<0.01) higher in patients with ECE than in
patients without ECE. Moreover the addition of a MRSI estimate of tumor volume to MRI
findings for ECE (43) improved the diagnostic accuracy and decreased the inter-observer
variability of MRI in the diagnosis of extracapsular extension of prostate cancer (44).

■ Adding MRI/MRSI to Clinical Nomograms
An important advance in the staging of prostate cancer has been the development of
multivariable risk prediction instruments such as the Partin tables (45) and nomograms, which
combine clinical stage, serum PSA levels, and grade of biopsies results to predict at the time
of diagnosis the pathologic stage of the cancer and indolent disease, respectively (46,47).
Recent studies have demonstrated that addition of 1.5T MRI/MRSI findings can to significantly
improve the predictive ability of these nomograms. In a study of 24 prostate cancer patients
prior to radical prostatectomy the addition of endorectal MR imaging results contributed
significant incremental value to the biopsy based nomograms for predicting SVI (48). It was
found that the nomogram plus endorectal MR imaging (0.87) had a significantly larger (P<
0.05) AUC than either endorectal MR imaging alone (0.76) or the nomogram alone (0.80)
(48). In another study of 383 prostate cancer patients prior to radical prostatectomy, 1.5T MRI/
MRSI data were added to a biopsy based staging nomogram for predicting organ-confined
prostate cancer (OCPC, no ECE or SVI) in order to assess its incremental value. The increase
in predictive accuracy provided by the addition of 1.5T MR/MRSI findings were significant
in all patient risk groups but were greatest in the intermediate- and high-risk groups (p < .01
for both) (49).

■ Predicting Indolent Disease
Due to increased screening using serum prostate specific antigen (PSA) and extended-template
transrectal ultrasound (TRUS) guided biopsies, thousands of patients with prostate cancer are
being identified at an earlier and potentially more treatable stage (50). However, the risk of
over-detection, detecting a cancer which would not become clinically significant during that
patient’s lifetime if left untreated, has been estimated to vary between 15% and 84% (51-53).
Therefore there is an increased interest in “active surveillance”, but clinical parameters alone
are not sufficient to predict a benign disease course. A recent study suggests that the addition
of MRI/MRSI data to clinical parameters can improve this prediction. In a study of 220 patients
prior to surgery, the addition of MRI (AUC – 0.803) and 1.5T MRI/MRSI (AUC 0.854) to
biopsy based nomograms (basic – AUC 0.57, comprehensive 0.73) was found to significantly
improve the prediction of indolent prostate cancer using a surgical definition of indolent disease
(no SVI, ECE and < 0.5 cm3 of cancer with no pattern 4 or 5 cancer) as the standard of reference.

■ Cancer Detection in Men with Prior Negative Biopsies
Another important group of patients being referred for an MRI/MRSI exam prior to therapy is
comprised of men who have elevated or rising PSA levels but negative TRUS guided biopsies.
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These patients tend to have very enlarged central glands due to BPH, which present sampling
problems for TRUS guided biopsies, or they have cancers in difficult locations to biopsy such
as the apex or in the lateral or anterior locations within the prostate (54). A recent publication
has demonstrated that MRI/MRSI can improve the identification of regions of cancer for
targeting of TRUS guided biopsies in patients with prior negative TRUS biopsy (55,56).

■ Therapeutic Selection and Planning
Several possible roles for MRI and MRSI have been suggested in radiation treatment planning.
Staging by MRI/MRSI at diagnosis has been found to be of incremental prognostic significance
in patients with moderate and high-risk tumors going on for radiation therapy (57). Specifically,
the finding of more than 5 mm of extracapsular extension prior to radiation seems to be of
particular negative prognostic significance, and the latter group may be candidates for more
aggressive supplemental therapy (57). For the patient in Figure 3, the MRI/MRSI findings were
concordant, indicating a large volume of T2 hypointensity (Figures 1A, red arrows) and
associated abnormal spectroscopic voxels (significantly elevated choline and reduced
polyamine and citrate (Figure 3A, red arrows) bilaterally at the midgland and apex of the
prostate. Additionally, there was a mild bulge of the prostate and irregularity of the prostatic
capsule in the left midgland indicative of extracapsular extension. However, there was no
evidence of seminal vesicle invasion or pelvic lymphadenopathy within the pelvis. Based on
these findings it was clear that aggressive therapy would be necessary. The patient subsequently
underwent high dose rate brachytherapy combined with 22 sessions of external beam radiation
therapy, and neoadjuvant androgen deprivation therapy.

Using fiducial markers and image fusion software, it has been shown that CT overestimates
the clinical target volume by 34% when compared to MRI (58), and that dose-volume planning
with MRI would decrease radiation dose to the bladder, rectum, and femoral heads. This result
is hardly unexpected, given the limited soft tissue contrast of CT in the prostate and perineum,
particularly when CT is performed without intravenous contrast enhancement, as is the usual
protocol for radiation planning CT scans. Several recent research studies have directly
integrated MRI/MRSI data into the radiation treatment plan in order to optimize radiation dose
selectively to regions of prostate cancer using either Intensity Modulated Radiotherapy (IMRT)
(59-61) or brachytherapy (62-65), however, this is not being done in routine clinical practice.

■ MRI and MRSI in post-treatment follow-up
A growing numbers of patients receiving a MRI/MRSI are referred for suspected local cancer
recurrence after various therapies (hormonal deprivation therapy, radiation therapy,
cryosurgery and radical prostatectomy). Recurrent cancer is typically suspected in these
patients due to a detectable or rising PSA. However, the use of PSA testing to monitor
therapeutic efficacy is not ideal since PSA is not specific for prostate cancer, and it can take
two years or more for PSA levels to reach a nadir following radiation therapy (both external
beam and brachytherapy) (66,67). Further, the interpretation of PSA data is more complicated
for patients undergoing therapies such as hormone deprivation therapy that have a direct effect
on the production of PSA. Conventional imaging methods including TRUS, CT, and MRI,
often cannot distinguish healthy from malignant tissue following therapy due to therapy
induced changes in tissue structure (68,69). The only definitive way to determine if residual
or recurrent tissue is malignant is the histological analysis of random biopsies, which are subject
to sampling errors and are more difficult to pathologically interpret after therapy.

The spectroscopic criteria used to identify residual/recurrent prostate cancer needs to be
adjusted due to a time dependent loss of prostate metabolites following therapy. For example,
prostatic citrate production and secretion have been shown to be regulated by hormones (15),
and an early dramatic reduction of citrate and polyamines after initiation of complete hormonal
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blockade has been observed by MRSI (70). There was slower loss of choline and creatine with
increasing duration of hormone deprivation therapy (70). This loss of prostatic metabolites
correlates with the presence of tissue atrophy and is considered to be a indicator of effective
therapy (70). Similar time dependent reductions in prostate metabolites also occurred after
radiation therapy (71,72).

Studies have also demonstrated the ability of MRI/MRSI to discriminate residual or recurrent
prostate cancer from residual benign tissue and atrophic/necrotic tissue after cryosurgery
(73-75), hormone deprivation therapy (70,76) and radiation therapy (71,77). These studies have
relied on elevated choline to creatine as a metabolic marker for prostate cancer since
polyamines and citrate tend to disappear early after therapy in both residual healthy and
malignant tissues. Figure 3B shows the same patient as in 3a, 4 years after therapy. Consistent
with effective radiation therapy, there were a number of spectroscopic voxels that demonstrated
a complete loss of all prostate metabolites (metabolic atrophy). However, residual metabolic
abnormalities (choline to creatine ≥ 1.5) persisted bilaterally in the midgland towards the apex
and this region was later confirmed as residual cancer by TRUS guided biopsy. A recent MRI/
MRSI study of 21 prostate cancer patients with biochemical failure after external beam
radiation therapy demonstrated that the presence of three or more voxels having a choline/
creatine ≥ 1.5 in a hemiprostate showed a sensitivity and specificity of 87% and 72%,
respectively, for the diagnosis of local cancer recurrence. The detection of residual cancer at
an early stage following treatment and the ability to monitor the time course of therapeutic
response would allow earlier intervention with additional therapy and provide a more
quantitative assessment of therapeutic efficacy.

LIMITATIONS OF MRI/MRSI
Combined 1.5T MRI/MRSI has recognized limitations, including the potential for false
positive and false negative results. The limitations include post-biopsy changes, confounding
benign pathologies (prostatitis, BPH), mixing of cancer and healthy tissue with small volume
(< 0.5 cc) early stage cancer and an insufficient understanding of the histological and biological
basis of false positives and false negatives. Post-biopsy hemorrhage results in both over- and
under-estimation of tumor extent at MRI and MRSI. (78-80). The timing of MRI and MRSI
of the prostate following transrectal biopsy is therefore important. Early studies have
recommended an interval of 3 weeks between transrectal biopsy and MR imaging (78-80).
However, there has been a trend towards increased prostate sampling during transrectal biopsy;
and currently greater than 6 core biopsies are frequently obtained (81). The increase in prostate
sampling has raised new questions about the optimal timing of MRI and MRSI following
transrectal biopsy, and the impact of post-biopsy hemorrhage on interpretation of MR and
MRSI. In a recent study of 43 patients with biopsy-proven prostate cancer undergoing
endorectal MRI and MRSI prior to radical prostatectomy confirming organ-confined disease,
the outcome variables of capsular irregularity and spectral degradation were correlated with
the predictor variables of time from biopsy and degree of post-biopsy hemorrhage (82). The
authors found capsular irregularity was unrelated to time from biopsy or to degree of
hemorrhage. Spectral degradation was inversely related to time from biopsy (p < 0.01); the
mean percentage of degraded peripheral zone voxels was 18.5 % within 8 weeks of biopsy
compared to 7 % after 8 weeks. Spectral degradation was unrelated to the degree of hemorrhage.
The authors concluded that in organ-confined prostate cancer, capsular irregularity can be seen
at any time after biopsy irrespective of the degree of hemorrhage, while spectral degradation
is seen predominantly in the first 8 weeks. MR staging criteria and guidelines for scheduling
studies after biopsy may require appropriate modification.

Only a few studies have investigated the MRI and MRSI appearances of acute and chronic
prostatitis, but these initial reports suggest that in at least some cases prostatitis may mimic
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cancer. Engelhard et al found that biopsy proven prostatitis correlated with areas of low T2
signal intensity at MRI (83). Theoretically, the inflammatory process of prostatitis might be
expected to reduce the level of citrate seen at MRSI, although Van Dorsten et al failed to find
any difference between healthy peripheral zone spectra and peripheral zone spectra from 12
patients thought to have prostatitis (84). Further studies with better pathological correlation
are required to elucidate the true spectroscopic findings in prostatitis. Cancers within the central
gland (transition zone and central zone) also have proven to be particularly difficult to
discriminate on MRI/MRSI. There is significant overlap of low signal intensity on T2 weighted
images and metabolism on MRSI in regions of central gland tumor with predominately stromal
Benign Prostatic Hyperplasia (BPH) (85). Regions of predominately glandular BPH have very
elevated levels of citrate and polyamines since they are secretory products of healthy and
hyperplastic glandular tissues. While in predominately stromal tissues, such as predominately
stromal BPH, citrate and polyamine levels are very low similar to what is observed in cancer.
Like cancer, there can also be somewhat elevated choline, since there is increased cellular
proliferation in BPH as in cancer.

While prostatitis and stromal BPH are the most common benign confounding factors in over-
calling prostate cancer by MRI/MRSI, prostate cancer can also be under-called due to signals
arising from surrounding benign tissues masking the metabolic fingerprint of cancer,
particularly for small infiltrative disease. Specifically, benign glandular tissues have very high
signal intensity on T2 weighted MRI as well as very high levels of polyamines and citrate, and
these signals will dominate the prostate spectrum. Predominately mucinogenic prostate cancer
is also very difficult to detect on MRI/MRSI. On T2 weighted MRI they have high signal
intensity due to the presence of the pockets of mucin. On MRSI, the spectral signal intensity
is often very low due to the low density of prostate cancer cells.

FUTURE DIRECTIONS-HYPERPOLARIZED 13C METABOLIC IMAGING OF
THE PROSTATE

While the current commercially available clinical MRI/1H 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 periprostatic lipids which
overlap lactate and alanine (86). Significantly higher concentrations of lactate and alanine have
been found in prostate cancer biopsies compared to healthy biopsy tissue. High levels of lactate
in cancer is consistent with prior studies and has been associated with increased glycolysis and
cell membrane biosynthesis (87,88). 18F-2-deoxy-2-fluoro-D-glucose (FDG) positron
emission tomography (PET) studies have shown high rates of glucose uptake in several human
cancers and that the glucose uptake correlates directly with the aggressiveness of the disease
and inversely with the patient’s prognosis (89,90). The high glucose uptake leads to increased
lactate production in most tumors even though some of them have sufficient oxygen, a
condition know as the Warburg Effect (91) or aerobic glycolysis (87). The increased glycolysis
provides the parasitic cancer cells with an energy source that is independent of its oxygen
supply, a carbon source for the biosynthesis of cell membranes that begins with lipogenesis
(88), and an acid source that likely enables the cells to invade neighboring tissue (87). New
hyperpolarized 13C spectroscopic imaging techniques (10,92,93) and advances in lipid
suppression and spectral edited 1H spectroscopic imaging (5,94) provide the opportunity to
observe changes in lactate and alanine in clinical MRI/MRSI exams.

13C labeled substrates have recently been polarized using dynamic nuclear polarization (DNP)
techniques to obtain tens of thousands fold enhancement of the 13C NMR signals from the
substrate as well as its metabolic products (92,95,96). Preliminary DNP studies in rats, rat
xenograft tumors, and a transgenic mouse model of prostate cancer (Figure 4) have
demonstrated greater than 50,000-fold enhancements in the polarization of [1-13C] pyruvate
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and its metabolic products, lactate and alanine, providing sufficient MR signal for high spatial
and temporal resolution spectroscopic imaging of the metabolites (10,93,97). Pyruvate is ideal
for these studies because the signal from C-1 carbon relaxes very slowly as a result of its long
T1 and it is at the entry point to several important energy and biosynthesis pathways. In
particular, it is converted to lactate in glycolysis, to alanine for protein synthesis and/or
lipogenesis, and to acetyl-CoA and oxaloacetate to support the citric acid cycle and biosynthesis
of membrane lipids. Several studies involving pre-clinical murine models of human prostate
cancer have suggested that that hyperpolarized [13C-1] lactate levels measured after the
injection of hyperpolarized [13C-1] pyruvate provide a non-invasive way to detect primary and
metastatic disease and characterize the aggressiveness (histological stage) of prostate cancer
(10,98) (Figure 4).

CONCLUSION
Commercial MRI/MRSI packages for staging prostate cancer on 1.5 T MR scanners are now
available and the technology is becoming mature enough to begin assessing its clinical utility
in large patient cohort studies using surgical pathology or clinical outcomes as the standard of
reference. Prior to therapy, prostate cancer can be discriminated from benign tissues based on
a combination of reduced signal intensity on T2 MRI, increased choline and reduced citrate
and polyamines on MRSI. After therapy, the loss of all metabolites (metabolic atrophy) has
been associated with effective therapy, while residual prostate cancer has been identified based
on the presence of 3 or more voxels having Choline/Creatine > 1.5 with an accuracy of 80%.
Recent studies have demonstrated that 1.5T MRI/MRSI has the potential to significantly
improve the local evaluation of prostate cancer presence and volume and has been shown to
have a significant incremental benefit in the prediction of pathological stage when added to
nomograms incorporating non-imaging preoperative risk factors. Combined 1.5T MRI/MRSI
also has recognized limitations, including the potential for false positive and false negative
results, particularly for small volume (< 0.5 cc) early stage cancer. Recent studies have shown
that accuracy can be improved by performing MRI/MRSI at higher magnetic field strengths
(3T) (26,99), and through the addition of other functional MR techniques, namely DWI and
DCE imaging (9). There are currently no commercially available 3T MRI/MRSI/DWI/DCE
staging exams but the ability to accomplish this exam on clinical 3T scanners in a clinical
reasonable time has been demonstrated and commercial products should be available within
the next couple of years (9). Hyperpolarized 13C labeled metabolic substrates have shown
potential to revolutionize the way we use MRI in the risk assessment of prostate cancer patients
(100,98,101). While pre-clinical hyperpolarized 13C studies have been very encouraging,
future studies are necessary to determine the feasibility of adding hyperpolarized 13C
spectroscopic imaging to a clinical multi-parametric MR staging exam of prostate cancer
patients and for determining how all of the metabolic biomarkers can be best combined to
provide the most accurate assessment of prostate cancer.
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Figure 1.
(a) A) A reception-profile corrected T2 weighted FSE axial image taken from a volume MRI/
MRSI data set demonstrating a large region of hypointensity in the left midgland (red arrows)
with suspected extracapsular extension (black arrow). The selected volume for spectroscopy
(bold white box) and a portion of the 16 × 8 × 8 spectral phase encode grid overlaid (fine white
line) on the T2 weighted image (B) with the corresponding 0.3 cm3 proton spectral array (E).
Spectra in regions of cancer (D, red box) demonstrate dramatically elevated choline, an absence
of citrate and polyamines relative to regions of healthy peripheral zone tissue (C). In this
fashion, metabolic abnormalities can be correlated with anatomic abnormalities from
throughout the prostate. The strength of the combined MRI/MRSI exam has been found to be
when changes in all three metabolic markers (choline, polyamines and citrate) and imaging
findings are concordant for cancer.
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Figure 2.
Prostate MRI/MRSI data obtained on a 3 Tesla scanner with the j-refocused, MLEV-PRESS
(Point RESolved Spectroscopy) MRSI sequence (101). A) T2-weighted MRI and a 3D MR
spectral array are shown for a pre-therapy patient. The 3D MRSI data were acquired in 17
minutes with a spatial resolution of 0.15 cm3 using the specialized acquisition sequence to
obtain upright citrate resonances at an echo time of 85ms on a 3 Tesla MR scanner. B) 3T MRI
and MRSI data are shown for the same prostate cancer patient with biopsy proven cancer in
the right midgland. The higher resolution obtainable at 3T MRSI (middle) depicted more
clearly the elevated choline levels as compared to the corresponding 1.5T data (right) acquired
on the same day.
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Figure 3.
(A) Endorectal coil Fast Spin Echo T2 weighted image from the midgland of prostate
demonstrating bilateral low signal intensity (red arrows) in the regions of biopsy proven
prostate cancer. The overlying white grid shows the locations where the MRSI spectra are taken
from (right). Regions of prostate cancer (red arrow) demonstrate elevated choline and reduced
citrate relative to regions of healthy tissue. (B) A T2 weighted image and corresponding spectral
array taken from the same location as in (A) four years after combined radiation and androgen
deprivation therapy. There are a number of voxels demonstrating metabolic atrophy consistent
with effective treatment; however, there remain bilateral regions of elevated choline that was
confirmed to be recurrent prostate cancer at biopsy.
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Figure 4.
This study of a TRAMP prostate model tumor using the HyperSense system for pre-
polarization demonstrated not only high 13C lactate in the tumor but also differences in
metabolite distributions in the tumor. The data were acquired in 14 seconds and show high
uptake of hyperpolarized pyruvate throughout much of the tumor, except for a presumably
necrotic region at the center. The lactate image demonstrated a focus of high metabolic activity
in the posterior aspect of the tumor, which is indicative of biologically aggressive cancer.
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