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 Metabolic changes that are monitored by proton Magnetic Resonance Spectroscopic 
Imaging (1H MRSI) have been shown to significantly improve the ability of MRI to detect and 
assess the location, volume and aggressiveness of cancer within the prostate, as well as 
improve the assessment of extracapsular spread in patients (1). It provides a non-invasive 
method of detecting small molecular biomarkers, specifically the metabolites choline, creatine, 
citrate and polyamines, within the cytosol and extracellular spaces of the prostate and is always 
performed in conjunction with high-resolution anatomic imaging.  
 Proton (1H) MRSI of the prostate is typically acquired using a combination of point resolved 
spectroscopy (PRESS) volume localization and 3-dimensional (D) chemical shift imaging (CSI) 
(2).  Robust acquisition of prostate 1H MRSI data has required the development of very accurate 
volume selection and efficient outer volume suppression techniques (3-5). The resonances for 
citrate, choline, creatine and polyamines occur at distinct frequencies or positions in the 
spectrum. 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 high 
specificity (6). In spectra taken from regions of prostate cancer the citrate and polyamines are 
significantly reduced or absent, while choline is elevated relative to spectra taken from 
surrounding healthy peripheral zone tissue. The specificity of 1H MRSI for detecting, localizing 
and characterizing the aggressiveness of prostate cancer relies on the unique metabolism of the 
prostate and the specific metabolic changes that occur with the evolution and progression of this 
disease and following therapy, as described in the following sections.   

Biochemical Rationale for Metabolic Changes Prior to Therapy: The metabolic changes 
observed by 1H MRSI take advantage of the well documented unique metabolism of healthy 
prostate epithelial cells. These cells have the specialized function of synthesizing and secreting 
large amounts of citrate that is dramatically reduced or lost in prostate cancer (7-10). The 
elevation of choline-containing metabolites [phosphocholine (PC), glycerophosphocholine 
(GPC) and free choline (Cho)] and the over and under-expression of key enzymes in the 
Kennedy cycle have been associated with the progression and therapeutic response of a variety 
of human cancers including prostate (1). The elevation of the in vivo “choline” resonances which 
appear as one peak at 1.5T has become the most specific marker of prostate cancer prior to 
therapy (1) and currently the only marker of residual/recurrent disease after therapy (11). 
Healthy prostate epithelial cells also contain very high concentrations of polyamines, particularly 
spermine (1, 12, 13). Polyamines are dramatically reduced in prostate cancer due to changes in 
the levels of expression of genes that regulate polyamine metabolism (1, 12). The fact that 
choline and citrate change in opposite directions has led to the (choline + creatine)/citrate 
(CC/C) emerging as one of the most widely used metabolic biomarkers for detecting prostate 
cancer (54), and has been used in numerous publications on prostate spectroscopy. It has also 
been demonstrated that when the CC/C ratio was ≥ 3 standard deviations above the normal 
value there was minimal overlap between spectroscopic voxels from regions of cancer and 
healthy peripheral zone tissues (54), and elevated choline has shown a correlation with cancer 
grade. For more information please see three recent reviews of prostate metabolism which go 
into detail on it’s clinical potential and why it is currently limited by 1.5T 1H MRSI, as well as how 
both 3T 1H MRSI and hyperpolarized 13C MRSI has the potential to overcome these limitations 
(14-16).  
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 Biochemical Rationale for Metabolic Changes 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 (17), and an early 
dramatic reduction of citrate and polyamines after initiation of complete hormonal blockade has 
been observed by 1H MRSI (18). There was slower loss of choline and creatine with increasing 
duration of hormone deprivation therapy (18).  This loss of prostatic metabolites correlates with 
the presence of tissue atrophy and is considered to be a indicator of effective therapy (18).  
Similar time dependent reductions in prostate metabolites also occurred after radiation therapy 
(19, 20). 
 Studies have also demonstrated the ability of MRI/1H MRSI to discriminate residual or 
recurrent prostate cancer from residual benign tissue and atrophic/necrotic tissue after 
cryosurgery (21-23), hormone deprivation therapy (18, 24) and radiation therapy (19, 25). 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. Two published MRI/1H MRSI studies have demonstrated that three or more 
consecutive voxels having choline/creatine >1.5 resulted in the ability to predict the presence of 
cancer after radiation therapy with an accuracy of ≈ 80% {Coakley, 2004 #11424;Westphalen, 
2010 #16526}.   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. 

 Hyperpolarized 13C Metabolic Imaging of Prostate Cancer: 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 (26). 
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 (27, 28). 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 (29, 30). 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 (31) or aerobic glycolysis (27).  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 (28), and an acid source that 
likely enables the cells to invade neighboring tissue (27). New hyperpolarized 13C spectroscopic 
imaging techniques (32-34) and advances in lipid suppression and spectral edited 1H 
spectroscopic imaging (5, 35) provide the opportunity to observe changes in lactate and alanine 
in clinical MRI/1H 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 (32, 36, 37). Preliminary DNP studies in rats, rat 
xenograft tumors, and a transgenic mouse model of prostate cancer have demonstrated greater 
than 50,000-fold enhancements in the polarization of [1-13C]pyruvate and its metabolic products, 
lactate and alanine, providing sufficient MR signal for high spatial and temporal resolution 
spectroscopic imaging of the metabolites (33, 34, 38). 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 
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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 [1-13C]lactate levels measured after the injection of hyperpolarized [1-
13C]pyruvate provide a non-invasive way to detect primary and metastatic disease and 
characterize the aggressiveness (histological stage) of prostate cancer (33, 39).  Moreover, the 
presence of elevated hyperpolarized [1-13C]lactate after injection of hyperpolarized [1-
13C]pyruvate was recently demonstrated in living human prostate cancer tissues in a NMR 
compatible tissue culture bioreactor(40).  Additionally, after androgen deprivation therapy in the 
TRAMP model, significant decreases in [1-13C]pyruvate uptake, [1-13C]pyruvate to [1-13C]lactate 
flux, and in perfusion based on hyperpolarized 13C urea were observed and correlated with 
therapeutic response (41, 42).   
 Although pyruvate has shown clear value for metabolic imaging in initial pre-clinical prostate 
cancer studies, recent studies have shown the potential of other substrates including 
lactate(43), [2-13C]fructose(44), 13C sodium bicarbonate(45), and 13C urea(42) to detect and 
characterize prostate cancer prior to and after therapy. A new method for the simultaneous 
polarization of [1-13C]pyruvate, 13C sodium bicarbonate, [1,4-13C]fumarate, and 13C urea with 
high levels of solution polarization and T1 values similar to those recorded for the individual 
hyperpolairzed probes.  This combination of agents was successfully injected into the TRAMP 
model providing the potential for measuring pH, metabolism, necrosis and perfusion in a single 
MR acquisition (46). There is a clear path to the clinical translation of hyperpolarized 13C 
metabolic imaging.  Specifically, hyperpolarized [1-13C]pyruvate has IND approval for initial use 
in prostate cancer patients, and the phase 1 clinical trial is underway with very encouraging 
initial results.  
 
REFERENCES 
1. Kurhanewicz J, Swanson MG, Nelson SJ, & Vigneron DB Combined magnetic resonance 

imaging and spectroscopic imaging approach to molecular imaging of prostate cancer. J Magn 
Reson Imaging. 2002; 16(4),451-463. 

2. Kurhanewicz J, Vigneron DB, & Nelson SJ Three-dimensional magnetic resonance spectroscopic 
imaging of brain and prostate cancer. Neoplasia. 2000; 2(1-2),166-189. 

3. Tuan-Khanh CT, Vigneron DB, Sailasuta N, Tropp J, Le Roux P, Kurhanewicz J, Nelson SJ, 
Swanson M, & Hurd R Reducing Chemical Shift Errors and Conforming PRESS-CSI Selection 
with Very Selective Saturation (VSS) Pulses. JMRI. 1999. 

4. Schricker AA, Pauly JM, Kurhanewicz J, Swanson MG, & Vigneron DB Dualband spectral-spatial 
RF pulses for prostate MR spectroscopic imaging. Magn Reson Med. 2001; 46(6),1079-1087. 

5. Cunningham CH, Vigneron DB, Chen AP, Xu D, Hurd RE, Sailasuta N, & Pauly JM Design of 
symmetric-sweep spectral-spatial RF pulses for spectral editing. Magn Reson Med. 2004; 
52(1),147-153. 

6. Kurhanewicz J, Vigneron DB, Hricak H, Narayan P, Carroll P, & Nelson SJ Three-dimensional H-
1 MR spectroscopic imaging of the in situ human prostate with high (0.24-0.7-cm3) spatial 
resolution. Radiology. 1996; 198(3),795-805. 

7. Costello LC & Franklin RB Concepts of citrate production and secretion by prostate. 1. Metabolic 
relationships. Prostate. 1991; 18(1),25-46. 

8. Costello LC & Franklin RB Bioenergetic theory of prostate malignancy. Prostate. 1994; 25(3),162-
166. 

9. Costello LC & Franklin RB Novel role of zinc in the regulation of prostate citrate metabolism and 
its implications in prostate cancer. Prostate. 1998; 35(4),285-296. 

10. Franklin RB, Ma J, Zou J, Guan Z, Kukoyi BI, Feng P, & Costello LC Human ZIP1 is a major zinc 
uptake transporter for the accumulation of zinc in prostate cells. J Inorg Biochem. 2003; 96(2-
3),435-442. 

11. Coakley FV, Teh HS, Qayyum A, Swanson MG, Lu Y, Roach M, 3rd, Pickett B, Shinohara K, 
Vigneron DB, & Kurhanewicz J Endorectal MR imaging and MR spectroscopic imaging for locally 

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



recurrent prostate cancer after external beam radiation therapy: preliminary experience. 
Radiology. 2004; 233(2),441-448. 

12. Saverio B, Pierpaola D, Serenella A, Cesare C, Bruno M, Auro T, & Arnaldo C Tumor progression 
is accompanied by significant changes in the levels of expression of polyamine metabolism 
regulatory genes and clusterin (sulfated glycoprotein 2) in human prostate cancer specimens. 
Cancer Research. 2000; 60(1),28-34. 

13. Swanson MG, Vigneron DB, Tran TK, Sailasuta N, Hurd RE, & Kurhanewicz J Single-voxel 
oversampled J-resolved spectroscopy of in vivo human prostate tissue. Magn Reson Med. 2001; 
45(6),973-980. 

14. Kurhanewicz J, Bok R, Nelson SJ, & Vigneron DB Current and Potential Applications of Clinical 
13C MR Spectroscopy. J Nucl Med. 2008; 49(3),341-344. 

15. Kurhanewicz J, Vigneron D, Carroll P, & Coakley F Multiparametric magnetic resonance imaging 
in prostate cancer: present and future. Curr Opin Urol. 2008; 18(1),71-77. 

16. Kurhanewicz J & Vigneron DB Advances in MR Spectroscopy of the Prostate. Magn Reson 
Imaging Clin N Am. 2008; 16(4),697-710. 

17. Costello LC & Franklin RB Concepts of citrate production and secretion by prostate: 2. Hormonal 
relationships in normal and neoplastic prostate. Prostate. 1991; 19(3),181-205. 

18. Mueller-Lisse UG, Swanson MG, Vigneron DB, Hricak H, Bessette A, Males RG, Wood PJ, 
Noworolski S, Nelson SJ, Barken I, Carroll PR, & Kurhanewicz J Time-dependent effects of 
hormone-deprivation therapy on prostate metabolism as detected by combined magnetic 
resonance imaging and 3D magnetic resonance spectroscopic imaging. Magn Reson Med. 2001; 
46(1),49-57. 

19. Roach M, 3rd, Kurhanewicz J, & Carroll P Spectroscopy in prostate cancer: hope or hype? 
Oncology (Williston Park). 2001; 15(11),1399-1410; discussion 1415-1396, 1418. 

20. Pickett B, Ten Haken RK, Kurhanewicz J, Qayyum A, Shinohara K, Fein B, & Roach M, 3rd Time 
to metabolic atrophy after permanent prostate seed implantation based on magnetic resonance 
spectroscopic imaging. Int J Radiat Oncol Biol Phys. 2004; 59(3),665-673. 

21. Kalbhen CL, Hricak H, Chen M, Shinohara K, Parivar F, Kurhanewicz J, & Vigneron D Prostate 
carcinoma:  MR imaging findings after cryosurgery. Radiology. 1996; 198,807-811. 

22. Parivar F, Hricak H, Shinohara K, Kurhanewicz J, Vigneron DB, Nelson SJ, & Carroll PR 
Detection of locally recurrent prostate cancer after cryosurgery: evaluation by transrectal 
ultrasound, magnetic resonance imaging, and three-dimensional proton magnetic resonance 
spectroscopy. Urology. 1996; 48(4),594-599. 

23. Parivar F & Kurhanewicz J Detection of recurrent prostate cancer after Cryosurgery. Current 
Opinion in Urology. 1998; 8,83-86. 

24. Mueller-Lisse UG, Vigneron DB, Hricak H, Swanson MG, Carroll PR, Bessette A, Scheidler J, 
Srivastava A, Males RG, Cha I, & Kurhanewicz J Localized prostate cancer: Effect of hormone 
deprivation therapy measured by using combined three-dimensional H-1 MR spectroscopy and 
MR imaging: Clinicopathologic case-controlled study. Radiology. 2001; 221(2),380-390. 

25. Pickett B, Kurhanewicz J, Coakley F, Shinohara K, Fein B, & Roach M, 3rd Use of MRI and 
spectroscopy in evaluation of external beam radiotherapy for prostate cancer. Int J Radiat Oncol 
Biol Phys. 2004; 60(4),1047-1055. 

26. Nelson SJ, Vigneron DB, Star-Lack J, & Kurhanewicz J High spatial resolution and speed in 
MRSI. NMR Biomed. 1997; 10(8),411-422. 

27. Gatenby RA & Gillies RJ Why do cancers have high aerobic glycolysis? Nat Rev Cancer. 2004; 
4(11),891-899. 

28. Costello LC & Franklin RB 'Why do tumour cells glycolyse?': from glycolysis through citrate to 
lipogenesis. Mol Cell Biochem. 2005; 280(1-2),1-8. 

29. Mochiki E, Kuwano H, Katoh H, Asao T, Oriuchi N, & Endo K Evaluation of 18F-2-deoxy-2-fluoro-
D-glucose positron emission tomography for gastric cancer. World J Surg. 2004; 28(3),247-253. 

30. Kunkel M, Reichert TE, Benz P, Lehr HA, Jeong JH, Wieand S, Bartenstein P, Wagner W, & 
Whiteside TL Overexpression of Glut-1 and increased glucose metabolism in tumors are 
associated with a poor prognosis in patients with oral squamous cell carcinoma. Cancer. 2003; 
97(4),1015-1024. 

31. Warburg O, Wind F, & Negelein E Uber den Stoffwechsel von Tumouren im Korper. Klin Woch. 
1926; 5,829-832. 

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



32. Ardenkjaer-Larsen JH, Fridlund B, Gram A, Hansson G, Hansson L, Lerche MH, Servin R, 
Thaning M, & Golman K Increase in signal-to-noise ratio of > 10,000 times in liquid-state NMR. 
Proc Natl Acad Sci U S A. 2003; 100(18),10158-10163. 

33. Chen AP, Albers MJ, Cunningham CH, Kohler SJ, Yen YF, Hurd RE, Tropp J, Bok R, Pauly JM, 
Nelson SJ, Kurhanewicz J, & Vigneron DB Hyperpolarized C-13 spectroscopic imaging of the 
TRAMP mouse at 3T-Initial experience. Magn Reson Med. 2007; 58(6),1099-1106. 

34. Kohler SJ, Yen Y, Wolber J, Chen AP, Albers MJ, Bok R, Zhang V, Tropp J, Nelson S, Vigneron 
DB, Kurhanewicz J, & Hurd RE In vivo (13)carbon metabolic imaging at 3T with hyperpolarized 
(13)C-1-pyruvate. Magn Reson Med. 2007; 58(1),65-69. 

35. Star-Lack J, Spielman D, Adalsteinsson E, Kurhanewicz J, Terris DJ, & Vigneron DB In vivo 
lactate editing with simultaneous detection of choline, creatine, NAA, and lipid singlets at 1.5 T 
using PRESS excitation with applications to the study of brain and head and neck tumors. J Magn 
Reson. 1998; 133(2),243-254. 

36. Golman K, Ardenaer-Larsen JH, Petersson JS, Mansson S, & Leunbach I Molecular imaging with 
endogenous substances. P Natl Acad Sci USA. 2003; 100(18),10435-10439. 

37. Mansson S, Johansson E, Magnusson P, Chai CM, Hansson G, Petersson JS, Stahlberg F, & 
Golman K 13C imaging-a new diagnostic platform. Eur Radiol. 2006; 16(1),57-67. 

38. Golman K & Petersson JS Metabolic imaging and other applications of hyperpolarized 13C1. 
Academic radiology. 2006; 13(8),932-942. 

39. Albers MJ, Chen AP, Bok R, Zhang V, Hurd RE, Yen YF, Zierhut M, Nelson SJ, Vigneron DB, & 
Kurhanewicz J, Berlin Germany, . (2007) Monitoring Prostate Cancer Progression in A 
Transgenic Murine Model Using 3T Hyperpolarized 13C MRS. ISMRM Fifteenth Scientific 
Meeting. 

40. Joun D, Albers M, Keshari K, Ward C, Peehl D, Ronen S, Vigneron DB, Kurhanewicz J, & (2010) 
Hyperpolarized [1-13C] Pyruvate Metabolism in a NMR Compatible Human Prostate Tissue 
Culture Bioreactor. International Society for Magnetic Resonance in Medicine 18th Scientific 
Meeting. 

41. Vafaei P, Bok R, Zhang V, DeLosSantos L, Guan P, Vigneron D, & Kurhanewicz J (2010) 
Hyperpolarized 13C Biomarkers of Androgen Independent Prostate Cancer. International Society 
for Magnetic Resonance in Medicine 18th Scientific Meeting. 

42. von Morze C, Larson PE, Hu S, Keshari K, Wilson DM, Ardenkjaer-Larsen JH, Kurhanewicz J, & 
Vigneron DB (2010) Imaging of Blood Flow using Hyperpolarized 13C-Urea in Preclinical Murine 
Models. . International Society for Magnetic Resonance in Medicine 18th Scientific Meeting. 

43. Chen AP, Kurhanewicz J, Bok R, Xu D, Joun D, Zhang V, Nelson SJ, Hurd RE, & Vigneron DB 
Feasibility of using hyperpolarized [1-13C]lactate as a substrate for in vivo metabolic 13C MRSI 
studies. Magn Reson Imaging. 2008; 26(6),721-726. 

44. Keshari KR, Wilson DM, Chen AP, Bok R, Larson PE, Hu S, Van Criekinge M, Macdonald JM, 
Vigneron DB, & Kurhanewicz J Hyperpolarized [2-13C]-fructose: a hemiketal DNP substrate for in 
vivo metabolic imaging. J Am Chem Soc. 2009; 131(48),17591-17596. 

45. Wilson DM, Keshari KR, Larson PE, Chen AP, Hu S, Criekinge MV, Bok R, Nelson SJ, 
Macdonald JM, Vigneron DB, & Kurhanewicz J Multi-compound polarization by DNP allows 
simultaneous assessment of multiple enzymatic activities in vivo. J Magn Reson. 2010. 

46. Wilson DM, Hurd RE, Keshari K, Van Criekinge M, Chen AP, Nelson SJ, Vigneron DB, & 
Kurhanewicz J Generation of hyperpolarized substrates by secondary labeling with [1,1-13C] 
acetic anhydride. Proc Natl Acad Sci U S A. 2009; 106(14),5503-5507. 

 
 

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)


