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lived in the shadow of cancer. 

	  



 iv 

ACKNOWLEDGEMENTS 

 

I am deeply grateful for all those who made this work possible. A special thanks goes to 

my advisor, Dr. John Kurhanewicz, whose mentorship, support, and friendship guided 

my through this journey. My sincerest gratitude to my thesis committee: Dr. Sue 

Noworolski, Dr. Dan Vigneron, and Dr. Antonio Westphalen for generously donating 

their time and knowledge to this project. I also want to thank Dr. Robert Flavell for his 

assistance in the study, Chris Sotto for providing technical support and advice, and 

Barbara Green who always manages to fit me into John’s schedule.  Thanks to Dr. 

Alastair Martin and Robert Smith for helping me navigate the administrative maze. In 

addition, I want to acknowledge my wonderful colleagues in the MSBI program, you 

guys have been my morale support and release valve during this hectic year. Thank you! 

Finally, I would like to thank my parents, whose support and encouragements were 

invaluable in helping me achieve my goals.  

 

 

 

 

 

 

 

 

 



 v 

Predicting Disease Progression with Multiparametric Magnetic Resonance Imaging 

of Prostate Cancer Managed with Active Surveillance 

by 

Carmin J. Liang 

 

 

Abstract 

 

Prostate cancer is currently the most prevalent noncutaneous cancer in males. An increase 

in the number of men diagnosed with indolent, organ-confined disease has lead to the 

increasing numbers of patients and their physicians selecting active surveillance or 

“delayed definitive treatment” as a viable approach for managing prostate cancer. 

However, the selection of appropriate patients for active surveillance has been 

confounded by sampling errors associated with transrectal ultrasound guided biopsies as 

well as accurate clinical and imaging biomarkers that predict for aggressive, progressive 

disease at diagnosis.  Multiparametric magnetic resonance (MR) imaging may assist in 

overcoming this problem; it allows for the identification of the whole gland and a 

combination of T2-weighted MR imaging, proton MR spectroscopic imaging (1H MRSI), 

and diffusion-weighted imaging (DWI) can be used to better characterize the 

aggressiveness of intraglandular cancer at diagnosis. In this retrospective study, we 

quantitatively analyzed multiparametric MR images from a cohort of active surveillance 

patients (N=119) to determine the combination of MR imaging techniques that best 

predicted disease progression on active surveillance. Fifty-nine of 119 patients 
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progressed within 43 ± 32 months on active surveillance.  Receiver-operator 

characteristic (ROC) curve analysis indicated that all three techniques (T2 MRI, MRSI, 

DWI) demonstrated similar modest accuracies in predicting progression on AS (AUC of 

0.59, 0.63 and 0.61, respectively). The best prediction of prostate cancer progression in 

AS patients was when all three techniques were positive for cancer presence, yielding an 

odds ratio for progression of 2.91 (95% CI 1.19 – 7.08) as compared to all other findings.  

Whereas a negative finding for all 3 tests for patients that were appropriate for AS 

yielded an odds ratio for no progression of 2.84 (95% CI = 1.26 – 6.37) as compared to 

all other findings. In conclusion, multiparametric MR imaging could play a valuable role 

in better selecting patients for active surveillance. 
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1.   INTRODUCTION 

 
1.1.   Background and Clinical Motivation  

Prostate cancer is the most frequently diagnosed noncutaneous neoplasm in men in the 

USA. An estimated 241,000 new cases are expected to occur during 2012, with 28,170 of 

them resulting in mortality [1]. Since the introduction of prostate-specific antigen (PSA) 

screening, the number of men diagnosed with relatively low volume, low grade prostate 

cancer has greatly increased [2]. For many of these patients, their cancer would not 

become clinically significant in their lifetime. The risk of prostate cancer-specific 

mortality from low-risk prostate cancer is extremely low; in fact, several studies 

unanimously show that men with low-grade tumors can survive for over two decades in 

the absence of treatment [3-5], with five-year survival rate at nearly 100% for focal 

lesions [1]. The hazard ratio for non-prostate cancer to prostate cancer mortality is 18.6 at 

10 years [6]. Because radical treatments bring risks of incontinence and impotence [7, 8], 

overtreatment is a prevalent issue for patients with low-risk prostate cancer. Due to the 

often indolent behavior of early stage disease, active surveillance with deferred treatment 

can be an attractive method of disease management for patients with low-risk localized 

lesions. Active surveillance, which involves regular disease monitoring with PSA levels, 

serial digital rectal exams and periodic repeat biopsy, is an established management 

option for prostate cancer patients. Despite this, only 9% of prostate cancer patients 

pursue active surveillance as a treatment option [9]. The difficulty in treatment decision is 

complicated by the inability to separate aggressive lesions from indolent ones at baseline.  

In fact, predicting how the disease will progress is currently one of the most important 

clinical questions for patients with favorable risk, organ-confined, early stage disease 
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prostate cancer. Treatment options for these patients range from active surveillance, to 

more invasive and morbidity associated interventions such as radiation therapy and 

radical prostatectomy. Men with aggressive disease may benefit from early definitive 

interventions, while others may harbor cancers that grow slowly and benefit from delayed 

treatment. The inability to accurately predict progression of the disease leads to 

controversial results of active surveillance. A large portion of active surveillance patients 

show very good oncological outcome, while some present disease progression requiring 

treatment. The pathological evaluations of radical prostatectomy specimens from patients 

who failed active surveillance due to disease progression show high levels of unfavorable 

characteristics such as extracapsular extension and high Gleason scores, despite low 

volume and low-grade disease at diagnosis [10]. Repeat ultrasound guided prostate 

biopsies and PSA kinetics monitoring are limited by sampling errors and misgrading 

making them suboptimal in monitoring patients on active surveillance. The detrimental 

effects of these misclassifications create a pressing need to establish a technique to more 

accurately predict prostate cancer progression at diagnosis using cancer biomarkers. 

Recent advances in endorectal magnetic resonance imaging of prostate cancer have 

potential for addressing this issue, and improve patient selection for active surveillance. 

There is a rapidly growing body of literature describing the clinical usefulness of MR 

imaging [11, 12], MR spectroscopic imaging [9, 13], and diffusion-weighted MR 

imaging [14, 15] as well as multi-parametric MR imaging [16] for disease assessment of 

active surveillance patients and predict tumor aggressiveness. The attractiveness of MRI 

arises from its ability to noninvasively assess the disease, select candidates, and monitor 

changes during follow-up. The inclusion of MR imaging sequences that provide 
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functional information has been compared with morphologic imaging in prior studies and 

has shown potential to further increase the accuracy of prostate cancer progression 

prediction [9, 16, 17]. Yet, it is uncertain which combination of MR sequences provides 

the best prediction and better depicts cancer aggressiveness at baseline.  

 

1.2.    T2-Weighted Anatomical Imaging 

   T2-weighted MR imaging is the work-horse of prostate MR imaging. It displays the 

zonal anatomy of the prostate and provides anatomic correlation for other functional MR 

data. In normal tissue the peripheral zone has high T2 signal intensity due to the long 

relaxation time of free fluid in the ducts [18], as shown in Figure 2A. In cancer, the ducts 

are replaced with sheets of malignant epithelium cells resulting in the loss of the long T1 

and T2 relaxation from the ductal water signal. This effect is portrayed as a reduction in 

MR signal intensity as depicted in Figure 1A. A limitation of T2-weighted imaging is that 

hypointense regions do not always represent cancer. Inflammation, stromal BPH, atrophy 

and post-biopsy hemorrhage are some example of abnormalities that also cause a loss of 

ductal morphology and low T2 signal on MRI, mimicking the appearance of tumor [19]. 

Because of these confounding factors, MRI alone in prostate imaging has good sensitivity 

but poor specificity in cancer detection and localization in the prostate [20].  

 

1.3.    Proton Magnetic Resonance Spectroscopic Imaging (1H MRSI) 

   The use of 1H MR spectroscopy to monitor metabolic changes has demonstrated 

potential to significantly improve the ability of MRI to detect, localize and assess the 

aggressiveness of prostate cancer [21] and increase both sensitivity and specificity [22, 
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23]. Changes in the concentrations of the metabolites citrate, choline and creatine, are 

indicative of the pathological changes that occur in prostate cancer. In fact, in 1964 

Cooper and Farid proposed in their citrate studies that biochemical changes may occur in 

the malignant transformation of the prostate before clinical signs are present [24-26].  

MR spectroscopy has greatly advanced since then, providing a promising noninvasive 

method for measuring various biomarkers.  Specifically, prostate spectroscopic imaging 

techniques, which involve the marriage of imaging and spectroscopy to produce 3D 

arrays of localized 1H spectra from throughout the prostate, were developed and clinically 

translated at UCSF.  Proton	   (1H)	   MRSI	   of	   the	   prostate	   was	   acquired	   using	   a	  

combination	   of	   point	   resolved	   spectroscopy	   (PRESS)	   volume	   localization	   and	   3-‐

dimensional	  (D)	  chemical	  shift	  imaging	  (CSI)	  [27].	  	  Robust	  acquisition	  of	  prostate	  1H	  

MRSI	   data	   has	   required	   the	   development	   of	   very	   accurate	   volume	   selection	   and	  

efficient	  outer	  volume	  suppression	  techniques	  [28-‐30](Figure	  2C).	  

 

1.4.   The Metabolites  

Metabolic	   changes	   that	   are	   monitored	   by	   1H	   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	  [31].	  	  

     Healthy prostate epithelial cells accumulate and secrete large amounts of citrate, a 

function that is dramatically reduced or lost in malignant tissue [32].  This reduction is 

shown to be a consequence of malignant changes in cellular function and tissue 

organization causing a decrease in the ductal volume for citrate accumulation [33]. 
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Studies also reveal that the citrate levels can be used to discriminate malignant prostate 

tissue from benign prostatic hyperplasia, BPH [26, 34, 35].  This fact adds value to the 

use of citrate monitoring as high citrate levels are characteristic of BPH due to increased 

net citrate production [26].  The reduction of citrate in prostate cancer is also correlated 

with changes in zinc levels [36]. In healthy prostate epithelial cells, high zinc levels 

inhibit mitochondrial aconitase activity, which in turn prevents the oxidation of citrate in 

the Krebs’ cycle [37].  Malignant prostate cells are unable to accumulate high zinc levels, 

resulting in increased citrate oxidation and an increase in energy production [38]. This 

conversion from citrate-producing to citrate-oxidizing metabolism is another 

characteristic of prostate cancer detectable by prostate MR spectroscopy [39].  

     The elevation of choline in prostate cancer, as with other human cancers, is associated 

with changes in cell membrane synthesis brought on by increased cell density and 

proliferation rate. Changes in choline levels also correlate with cell degradation caused 

by malignant transformation and progression of the disease [40]. These changes in the 

metabolite concentrations are depicted by differences in the peak heights of healthy 

versus cancerous voxels as shown in Figure 1D and Figure 2D. Since choline and citrate 

concentrations change in opposite directions prostate malignancy, an increase in the 

(choline+creatine)/citrate ratio (CC/C) is a widely used biomarker for detecting cancer 

[39] that also shows a strong correlation with cancer grade [41].  

 

1.5.   Diffusion-Weighted Imaging 

Prostate DWI has become widely used and is potentially a powerful clinical imaging 

technique for prostate cancer [15]. Diffusion-weighted imaging is sensitive to the motion 
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of water molecules within biological tissues and can provide information about structural 

anisotropy and the pathology of tissues [42]. The apparent diffusion coefficient (ADC) 

describes the rate of diffusion in tissues and is dependent on the barriers that a diffusing 

water molecule encounters. The degree of motion measured by DW-MRI relates to the 

mean path length travelled by water molecules. Longer path lengths are associated with 

higher ADC values. An increase in the number of cells may significantly impede the 

motion of extracellular water resulting in a lower path length and therefore a lower ADC 

value [43]. ADC values are calculated on a pixel-by-pixel basis from two images with 

different b-values using Equation 1 and displayed as an ADC map [44].   

𝐴𝐷𝐶 = − !
!
ln !!

!!
  (1)  

Sb and S0 are the signal intensities of each voxel with and without diffusion weighting. In 

healthy tissue, the ADC values are relatively high, as seen in Figure 2B, but in prostate 

cancer, the increase in cellularity and loss of ductal morphology results in a reduction in 

ADC values [14, 45] as depicted in Figure 1B. Multiple studies have shown the ability of 

DWI to differentiate aggressive prostate cancer based on correlations of lower ADC 

values with higher Gleason Grade cancers [14, 15, 42, 46-48]. However, the threshold 

ADC values for benign and cancerous tissue can vary depending on the sequence used to 

obtain the images [49]. DWI is also limited by low spatial resolution, sensitivity to 

motion artifacts since it is a technique for measuring proton motion, and the EPI 

sequence is very sensitive to magnetic field inhomogeneities. Even though DWI suffers 

from limitations, its ability to reflect cellular density makes it a potentially valuable 

technique in quantifying tumor aggressiveness. Plus, it is a relatively fast, simple, and 

readily available MR imaging technique suitable for practical clinical applications.  
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Figure 1: Multiparametric imaging data from a 69-year-old patient with a PSA level of 
4.5 µg/L and Gleason grade 3+3 prostate cancer. (A) T2-weighted MR image showing 
a low signal intensity lesion (arrows). (B) A calculated ADC map displaying a large 
reduction in ADC values in the region of cancer. (C) Same T2-weighted image as (A) 
showing the selected 1H MRSI volume (bold white line) and a selected spectral array 
(white grid) and (D) corresponding spectra of elevated choline and reduced citrate at 
location of tumor (red box).  
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Figure 2: Multiparametric imaging data from a 60 year-old patient with PSA level of 
8.4 µg/L and Gleason grade 3+3 prostate cancer. (A) T2-weighted MRI, (B) ADC map, 
and (C,D) 1H MRSI, all demonstrated negative for the presence of prostate cancer. 
PSA level and Gleason grade remain unchanged during the follow-up time period.  
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is that active surveillance patients with a detectable multiparametric MR abnormality will 

have a higher risk of cancer progression while on active surveillance.  

 

 
2.   EXPERIMENTAL METHODS 

 

2.1.    Study Subjects 

The institutional review board approved the data collection and study protocol and 

written informed consent was obtained from all study participants prior to entering their 

data into our Health Insurance Portability and Accountability Act–compliant database. 

Our project utilizes a retrospective cohort study design. Men (N = 154) who were 

prospectively enrolled in the active surveillance protocol had provided consent for 

research and had undergone multiparametric MR staging exam. Selection criteria were 

based on currently used criteria for active surveillance at UCSF: Gleason grade less than 

or equal to 3+4 adenocarcinoma, prostate specific antigen (PSA) level less than 20 µg/L, 

clinical stage lower than T2c, fewer than 33% of cores positive and follow-up with 

biopsy or PSA level at a minimum of 6 months post MRI [9, 10, 50]. We excluded eight 

men because they had large volume cancer (too many positive cores at baseline biopsy) 

and twenty-seven men because their images were considered unusable due to movement, 

artifacts, technical issues and/or insufficient imaging data.  

 

2.2.   Multiparametric (T2 MRI, 1H MRSI, and DWI) MR Imaging Exam at Diagnosis  

Prior to the MR exam all patients received diagnostic prostate TRUS guided biopsies. To 

minimize post-biopsy hemorrhage our institution mandates an 8-week wait time before 
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the MR exam. MR studies were performed with a 1.5T (Signa; GE Healthcare, 

Waukeshaw, WI) or a 3.0T (GE Healthcare Technologies, Waukeshaw, WI) whole-body 

MR scanner. Patients were imaged in a supine position. A body coil was used for 

excitation, a pelvic phased-array coil (GE Healthcare, Waukeshaw, WI) and a 

commercially available expandable balloon endorectal coil (Medrad, Pittsburg, Pa) filled 

with Flutech_T14 TM (F2 Chemicals, UK) was used for signal reception. Flutech_T14 is 

a fully fluorinated, colorless, odorless, non-toxic fluid with a magnetic permeability 

similar to tissue and thus is an ideal substitute for air to inflate the endorectal coil.  After 

a 3D localizer scan, axial and coronal T2-weighted high spatial resolution fast spin-echo 

images of the prostate and seminal vesicles were acquired to identify prostate zonal 

anatomy and pathology. Axial spin-echo T1-weighted images were obtained from the 

aortic bifurcation to the symphysis pubis. Three-dimensional MR spectroscopic imaging 

(MRSI) was acquired with the PROSE pulse sequence. Specifically, PROSE is a version 

of the point-resolved spectroscopy (PRESS) sequence, a double spin echo sequence with 

a 90o excitation pulse and two slice selective refocusing pulses, combined with 3D CSI 

phase encoding gradients. Parameters were optimized for the quantitative detection of 

choline, creatine, polyamines, and citrate with water and lipid suppression. Due to the 

sensitivity of diffusion-weighted images to motion, fast acquisition sequences were used 

to prevent motion artifacts. The sequences used for DWI included echo planar imaging 

(EPI), fast spin echo (FSE) as well as non-Carr Purcell Meiboom Gill (non-CPMG) FSE. 

The total exam time including patient set up and acquisition of the MR data was 

approximately 1 hour. The imaging parameters for imaging studies performed with a 

1.5T magnet and a 3.0T magnet are shown in Table 1.  
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 Axial of 
Pelvis 

Axial or      
Axial Oblique 

Coronal or  
Coronal Oblique 

Axial or  
Axial Oblique   

Axial 
Oblique 

Technique Anatomical Anatomical Anatomical MRSI DWI-EPI  
PSD T1 SE T2 FSE T2 FSE PROSE SE 
TE [ms] 9 96 102 130  (85) 87  (65) 
TR [ms] 681  (950) 6000 4825  (6000) 1000  (1300) 5000  
ETL* --- 16 16 --- --- 
FOV 24 cm 14 cm 16 cm (14 cm) 11 cm 24 cm 
Thickness  5 mm 3 mm 3 mm 50 mm 4 mm 
Spacing 1 mm 0 mm 0 mm 6.9 mm 0 mm 
Freq  256 256 256 16 (12) 256 (128) 
Phase 192 (160) 192 192 8 128 
NEX 1 3 3 1 4 
Freq DIR R/L A/P S/I R/L A/P (R/L) 
B values --- --- --- --- 0, 600 
 
Table 1. Prostate Imaging Prescriptions. Values in parentheses are for 3.0T magnet 
strength. ETL = echo train length 
 

 

2.3.   Quality Assurance Protocol 

The overall quality of each MR image was classified as 1 = excellent; 2 = good; or 3 = 

non-useable by expert (JK) with 20 years experience with prostate MR. Image quality 

was considered excellent if visual examination of the images showed high spatial and 

contrast resolution and absence of imaging artifacts associated with susceptibility 

interfaces and or motion.  

     Specifically, MRSI data were considered excellent if they had a signal-to-noise ratio 

greater than 5:1, resolution of the metabolic resonances (choline, creatine, and citrate) 

were not spectrally contaminated by insufficient water or fat suppression and absence of 

water- and lipid- induced baseline distortions.  DWI data were considered of excellent 

quality if they had high contrast to noise (high anatomic and lesion discrimination) and 

minimal distortions due to susceptibility or blurring due to motion.  
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2.4.   T2 MR Image, 1H MRSI, DWI Interpretation 

Prostate cancer can appear as a region of low signal intensity within the high signal 

intensity of the normal peripheral zone on T2-weighted images. T2-weighted images 

were considered abnormal when a round or crescent focal area of low signal intensity was 

seen in the peripheral zone and/or loss of the usual heterogeneous pattern of the central 

gland was noted (charcoal sign). In this study, T2 images were qualitatively assessed by 

two radiologists (AW and RF with 10 years and 1 year experience, respectively) 

specialized in abdominal imaging at our institution.   

     A positive MR spectroscopy exam was defined as an exam with three or more 

consecutive voxels having a CC/C ≥ 3 standard deviations above the mean normal value. 

For exams performed with a 1.5T magnet, the normal mean CC/C ratio was determined 

to be 0.22 ± 0.13 (standard deviation) [51]. To calculate the CC/C ratio for exams 

performed with a 3.0 T scanner, 286 healthy voxels were selected and a normal mean 

CC/C ratio was determined to be 0.43 ± 0.18. Also noted in the analysis are the number 

of abnormal voxels and the CC/C ratios of the abnormal voxels.  

     An abnormal ADC exam is defined as a region with volume greater than 0.03 cc 

containing ADC values lower than the threshold value indicative of malignancy. For 

images acquired with the Echo Planar Imaging (EPI) sequence the threshold was 1,100 x 

10-6 mm2/s [45, 52]. The ADC threshold for prostate cancer was 18.2% lower using the 

Fast Spin Echo (FSE) sequence [49]. Accordingly, a value of 900 x 10-6 mm2/s was 

computed for FSE. Regions of interest (ROIs) were drawn on the ADC maps on all 

suspicious foci. Calculations performed on the ROIs include volume of the lesion, mean, 

median, standard deviation, and range of ADC values.  



	   13	  

2.5.   Outcome  

Disease progression was identified as PSA velocity greater than 0.75 µg/L/year, upgraded 

Gleason score on subsequent biopsy, or progression to treatment [9, 50, 53]. PSA 

velocity was calculated as the rate of PSA change between the first and last PSA value 

considered. Gleason score upgrade was defined as an increase in Gleason score to 8 or 

higher at follow-up biopsy. Active treatment was defined as any treatment performed 5 or 

more months after the start of active surveillance. 

 

2.6.   Statistical Analysis  

The JMP software (SAS Institute Inc., Cary, NC, USA) was used for statistical analyses. 

A p-value of < 0.05 was used to indicate a significant difference. Receiver operating 

characteristic (ROC) curves were used to describe the performance of each imaging 

technique individually and combined. Odds ratios and their 95% confidence intervals 

were calculated for the different MR techniques and their combinations. Wilcoxon rank 

sum tests were used to compare MR measures of: 1- reduced ADC volume, 2- abnormal 

metabolism volume (MRSI scores 4 and 5), 3- mean ADC, and 4- minimum ADC; 

between progressive and non-progressive prostate cancer. Pearson’s chi-squared tests 

were used to compare presence of a measurable lesion on ADC and presence of a 

measurable lesion on T2 between the groups with cancer progression and without cancer 

progression. 
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3.   RESULTS 

 

Of the 155 patients retrospectively identified for this study, the final study population 

included 119 patients who underwent MR imaging, MR spectroscopic imaging and 

diffusion-weighted imaging. Mean follow-up period was 43 months (range, 4.5-110 

months), mean age at diagnosis was 61 years ± 7.3 (standard deviation), and mean PSA 

level was 4.9 µg/L ± 2.3 at diagnosis.  

     Based on MR imaging, MR spectroscopic imaging and MR diffusion imaging at the 

time of diagnosis, 72 of 119 patients had suspicious areas of T2-weighted MRI 

suggestive of cancer, and all lesions were confined to the prostate; 40 of 119 patients had 

more than 3 consecutive voxels of abnormal metabolic activity suggestive of cancer; 33 

of 119 patients had reduced ADC values suggestive of cancer; and 75 of 119 of patients 

had at least one of these abnormalities. Based on the first occurrence of Gleason score 

upgrade of 8 or greater, start of active treatment, or PSA velocity greater than 0.75 

(µg/L)/yr, 59 of 119 of patients had cancer that progressed during the follow-up time 

period.  In all, 29 of 43 patients without evidence of progressive cancer established by 

occurrence of any one of the outcomes, had negative findings on all three imaging 

techniques; 21 of 31 patients with evidence of progressive cancer, had positive findings 

on all three imaging techniques.   

     The areas under the ROC curves of each of the three imaging techniques T2-weighted 

MRI (0.59; 95% confidence interval [CI] = 0.50 – 0.68]), MRSI (0.63; 95% CI = 0.55 – 

0.72), and DWI (0.61; 95% CI = 0.52 – 0.69) demonstrated similar accuracies in 

predicting cancer progression on active surveillance. Comparisons between any two MR 
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techniques were not significantly different. The combination of all three imaging 

techniques (0.66; 95% CI = 0.57 – 0.76) was more accurate than any of the techniques 

alone.  

     Men with all three positive modalities had a 2.91 (95% CI = 1.19 – 7.08) greater odds 

of progression compared to other men in our study. Individual comparisons between the 

odds ratios of various combinations of imaging results are summarized in Table 2.  

 

Imaging Technique Odds Ratio 95% CI 
T2 1.71 0.66 – 4.42 
MRSI 4.35 1.62 – 11.67 
T2 +ADC 6.21 0.59 – 65.25 
T2 + MRSI 2.07 0.37 – 11.60 
T2 + ADC + MRSI 4.35 1.62 – 11.67  
Table 2. Odds ratio of cancer progression assessed with various imaging techniques 
compared to a negative exam. Imaging technique indicates lesion, metabolic abnormality 
or decrease in ADC value suggestive of cancer. T2, T2-weighted MRI; MRSI, MR 
spectroscopic imaging; ADC, apparent diffusion coefficient; 95% CI, 95% Confidence 
interval.  
 

     A significant difference was demonstrated between the volume of reduced ADC in 

progressive versus non-progressive prostate cancer (p<0.006).  Likewise, a significant 

difference was seen between the volume of abnormal metabolism, based on the number 

positive MRSI voxels, between progressive and non-progressive cancer (p<0.003). 

Univariate analysis of neither mean ADC values alone nor minimum ADC values alone 

demonstrate significant correlation with cancer progression.  

   Pearson’s chi-squared test indicated a greater probability of cancer progression 

occurrence when the ADC exam demonstrated presence of a measureable lesion 

(p<0.008) or when T2-weighted images demonstrated cancer presence (p<.04). MRSI 

alone perfectly predicted progression in the four patients who demonstrated the finding.  
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4.   DISCUSSION 

 All three MR techniques were found to provide similar modest accuracies (≈ 60% 

accuracies) in predicting progression on active surveillance.  The most important finding 

of the study was that it was the combination of techniques that provided the best 

predictive value for selecting active surveillance patients.  Specifically, a positive finding 

on all three techniques predicted for a worse outcome when compared to other men in our 

study, in particular those with negative imaging. Accordingly, our results suggest that 

increasing positive findings on imaging reflect an increasing chance of progression on 

active surveillance and vice versa. 

    New coil developments, improved pulse sequences and higher field strength magnets 

introduced over the past decade has improved MR scan times and image quality 

dramatically. However, the rapidly changing field of prostate MR imaging yields 

potential confounding factors for a retrospective study design such as was used in this 

work.  For example, three different DWI sequences were used in this study, with 45 

patients imaged using an EPI sequence, 60 patients with an FSE sequence, and 14 

patients with a non-CPMG FSE sequence.  However, differences in the acquisition were 

mitigated by normalizing the ADC thresholds used for identifying cancer to the threshold 

obtained for the EPI DWI sequence [49]. A similar approach was used to normalize the 

1.5T and 3T 1H MRSI data since this data were acquired with slightly different sequences 

and were subject to different T1 and T2 relaxation effects. Forty-two of the patients were 

imaged with a 3.0 T scanner, and to account of the resulting differences in the CC/C ratio 

threshold used for identifying cancer, the CC/C ratio for 3.0 T MR spectroscopic exams 
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were normalized to the normal mean CC/C ratio for 1.5 T [54].  However, the S/N and 

quality of the data acquired at different field strengths and acquired using different 

sequences are not identical and the impact of this on predictive ability will need to be 

determined. 

     Three different outcome variables (PSA kinetics, subsequent therapy and pathologic 

grade upgrade) were used in this study, since patients decide to go off of active 

surveillance for a variety of reasons.  A rising PSA is often the rationale for selecting to 

go on for therapy but may not be the best predictor of disease progression since 

noncancerous events can lead to a rising PSA [55].  In many cases, patients select 

definitive therapy due to purely psychological reasons associated with having cancer. 

Most clinicians consider Gleason score upgrade at a subsequent biopsy to be the best 

predictor of cancer progression, although TRUS guided biopsies are susceptible to 

sampling errors. Sub-analysis of the MR techniques for each of these out-comes 

individually will need to be performed, but this will require a much larger patient cohort.  

    The underlying hypothesis of this study is that an imaging abnormality on a baseline 

multiparametric MRI exam confers an increased risk of cancer progression on active 

surveillance [9].  Quantitative thresholds of cancer presence were obtained from 

published studies involving patients who underwent MR imaging prior to step-section 

histopathology [56, 16].  Prior published pre-surgical studies have also demonstrated that 

the volume and magnitude of CC/C elevation and ADC reduction are correlated with 

prostate cancer aggressiveness (Gleason Grade) [54, 57]. Therefore it stands to reason 

that using thresholds associated with aggressive cancer rather than simply cancer 

presence would result in a better prediction of future disease progression.  The current 
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study support this hypothesis since the volume of abnormal metabolism and ADC were 

significantly larger in progressive disease.      

 

 
5.   CONCLUSION 

 

Our results show that the best prediction of prostate cancer progression in active 

surveillance patients was when all three MR imaging techniques, T2-weighted MRI, 

MRSI, and DWI, were positive for cancer presence. Conversely, the best prediction of 

non-progressive prostate cancer was when all three techniques were negative for cancer 

presence. Although a relatively new technique, multiparametric MR prostate imaging 

may be a useful tool in assessing cancer aggressiveness to aid in counseling potential 

active surveillance candidates.  
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