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Jung, MD PhD1, Peter R. Carroll, MD MPH2,3, John Kurhanewicz, PhD1,3, and Fergus V.
Coakley, MD1,2,3
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Abstract
Purpose—To investigate criteria that can identify dominant treatable prostate cancer foci with
high certainty at endorectal MRI and MR spectroscopic imaging, and thus facilitate selection of
patients who are radiological candidates for MR-guided focal therapy.

Materials and methods—We retrospectively identified 88 patients with biopsy-proven prostate
cancer who underwent endorectal MRI and MR spectroscopic imaging prior to radical
prostatectomy with creation of histopathological tumor maps. Two independent readers noted the
largest tumor foci at MRI, if visible, and the volume of concordant abnormal tissue at MR
spectroscopic imaging, if present. A logistic random intercept model was used to determine the
association between clinical and MR findings and correct identification of treatable (over 0.5 cm3)
dominant intraprostatic tumor foci.

Results—Readers 1 and 2 identified dominant tumor foci in 50 (57%) and 58 (65%) of 88
patients; 42 (84%) and 48 (83%) of these were dominant treatable lesions at histopathology,
respectively. Within the statistical model, the volume of concordant spectroscopic abnormality
was the only factor that predicted correct identification of a dominant treatable lesion on T2-
weighted images (odds ratio = 1.75; 95% confidence interval = 1.08 to 2.82; p-value = 0.02). In
particular, all visible lesions on T2-weighted imaging associated with at least 0.54 cm3 of
concordant spectroscopic abnormality were correctly identified dominant treatable tumor foci.

Conclusion—Patients with dominant intraprostatic tumor foci seen on T2-weighted MRI and
associated with at least 0.54 cm3 of concordant MR spectroscopic imaging abnormality may be
radiological candidates for MR-guided focal therapy.
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Introduction
Since the first report of successful prostate cancer treatment by unilateral nerve-sparing
cryosurgery in 2002 (1), the concept of focal therapy for prostate cancer has generated
considerable discussion and controversy. Proponents argue that focal ablative therapies
provide a middle ground between the definitive but morbid options of radical prostatectomy
or radiation and the minimalist approach of active surveillance (2-5)(1-4). Despite many
conceptual advantages, there are two major hurdles to implementing a focal therapy program
for prostate cancer. First, the correct subset of patients must be identified so that patients
with indolent or subclinical disease may be offered the management option of active
surveillance while patients with aggressive disease receive appropriately radical treatment.
This is a biological question, and accurate risk stratification of patients with prostate cancer
is a non-trivial challenge (6). Second, assuming appropriate candidates can be clinically
selected, the cancer must be correctly identified and precisely ablated during the focal
therapy (3). This is primarily a radiological problem. The high rate of complications
reported after current focal therapies for prostate cancer such as ultrasound-guided focused
ultrasound or cryosurgery likely reflects imprecise treatment targeting and monitoring,
resulting in unintended injuries to nearby structures including the rectum and neurovascular
bundles (7, 8). The recent emergence of endorectal MR-guided focused ultrasound surgery
as a method of prostate cancer ablation provides a novel and exciting approach to focal
therapy that promises precisely targeted tissue necrosis with real-time monitoring by MR
thermometry (9)(5). Some human subjects have already undergone technically successful
endorectal MR guided focused ultrasound surgery of prostate cancer outside the United
States (Kobi Vortman PhD, personal communication). In this country, Food and Drug
Administration approval will be required before interested institutions can provide this
investigational technology to American men. MR-guided focal therapy can also be
performed using MR-guided laser ablation (10). While saturation biopsy without imaging
could theoretically be used to determine the target of such MR-guided focal ablative
therapies (11), MR-guided focal therapy seems best suited to patients with a visible
dominant tumor at MRI, so that treatment is delivered to a tumor depicted by the same
modality that is being used to guide therapy. This avoids the potential inaccuracies in
“blindly” treating a designated portion of the prostate based purely on positive biopsies.
Previous studies have demonstrated that endorectal MRI and MR spectroscopic imaging
may improve tumor localization, staging, and volume estimation to allow non-invasive
identification of prostate cancer (12-14), but it is unknown whether and how these
techniques can be used to select patients eligible for focal therapy by detecting the dominant
intraprostatic tumor focus. Ideally, MR targets would be identified with high sensitivity and
specificity. At a minimum, it seems reasonable to require that dominant tumor sites should
be identified with high certainty when selecting patients for MR guided focused ultrasound
surgery. The rationale for this statement is that focally treating a false positive tumor with an
emerging technology rather than conventional treatment is ethically problematic and
clinically risky since the true site of dominant disease would presumably be untreated. In
addition, not offering investigational therapy to patients with uncertain dominant tumor foci
seems ethically justifiable, since they are still candidates for all orthodox managements and
have not been denied any standard treatment. Accordingly, we undertook this study to
investigate criteria that can identify dominant treatable prostate cancer foci with high
certainty at endorectal MRI and MR spectroscopic imaging, and thus facilitate selection of
patients who are radiological candidates for MR-guided focal therapy.
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Materials and methods
Subjects

This single institution retrospective study was approved by our Committee on Human
Research with a waiver of informed consent and was compliant with the Health Insurance
Portability and Accountability Act. We identified all patients who met the following
inclusion criteria:

• Endorectal MR and MR spectroscopic imaging of the prostate performed for
biopsy-proven prostate cancer between 2000 and 2006.

• Radical prostatectomy performed with creation of detailed tumor maps from step-
section histopathological evaluation of the specimen.

• No interval prostate cancer treatment administered between MRI and
prostatectomy.

We identified 101 eligible patients, but 13 patients were excluded because the
histopathological records could not be found (n = 7) or because the MR images were not
retrievable (n = 6). Subsets of the study population have been included in previous studies
(14-17). The lead investigator (--) reviewed all available medical records to determine
pertinent patient demographic and clinical parameters. The final study population of 88 men
had a mean age of 59 years (range, 45 to 75). The median biopsy Gleason score was 6
(range, 5 to 9). The mean serum prostate-specific antigen level at diagnosis was 9.2 ng/mL
(range, 1.7 to 64.1). Clinical stage on digital rectal examination performed by a urologist
was T1 in 15 patients, T2 in 34 patients, and undocumented in 35 patients. The mean
interval between endorectal MRI and MR spectroscopic imaging and radical prostatectomy
was 79 days (range, 2 to 555, with an interval exceeding 6 months in only 9 patients).

MR technique
MRI was performed on a 1.5T whole-body MR scanner (Signa; GE Medical Systems,
Milwaukee, WI). The patients were imaged in the supine position using a body coil for
signal excitation and a pelvic phased-array coil (GE Medical Systems) combined with a
balloon-covered expandable endorectal coil (Medrad, Pittsburgh, PA) for signal reception.
Axial spin-echo T1-weighted images were obtained from the aortic bifurcation to the
symphysis pubis using the following parameters: repetition time msec/echo time of 700/8
msec, 5-mm section thickness, 1-mm intersection gap, 24 cm field of view, 256 × 192
matrix, transverse frequency direction, and one signal excitation acquired. Thin-section
high-spatial-resolution axial and coronal T2-weighted fast spin-echo MR images of the
prostate and seminal vesicles were then obtained using the following parameters: repetition
time msec/effective echo time of 6000/96 msec, echo train length of 16, 3-mm section
thickness, no intersection gap, 14 cm field of view, 256 × 192 matrix, and three signal
excitations acquired. All MR images were routinely post-processed to compensate for the
reception profile of the endorectal and pelvic phased-array coils. After review of the axial
T2-weighted images, an MR spectroscopic imaging volume of 110 × 55 × 55 mm was
selected to maximize coverage of the prostate, while minimizing the inclusion of
periprostatic fat and rectal air. Three-dimensional MR spectroscopic imaging data were
acquired using a water and lipid suppressed double-spin echo point-resolved spectroscopy
sequence technique. Spectral-spatial pulses optimized for the quantitative detection of
choline, creatine, polyamines, and citrate were used for the two 180° excitations [18, 19].
Outer voxel saturation pulses were employed to further sharpen volume selection to the
shape of the prostate and eliminate susceptibility artifact from periprostatic fat and rectal air
(20). Data sets were acquired with a repetition time/echo time of 1000/130 msec, 16 × 8 × 8
phase-encoded spectral array, and a 17-minute acquisition time. This spectral array resulted
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in cubic voxels measuring 6.875 mm in each dimension and a voxel size of 0.32cm3. The
spectroscopic imaging data were zero-filled from 8 to 16 in both the anteroposterior and
craniocaudal directions to increase the likelihood of optimal alignment between
spectroscopic voxels and the prostate, and yielding a nominal spectral resolution of 0.09
cm3. Three-dimensional MR spectroscopic imaging data were processed off-line on an
UltraSparc workstation (Sun Microsystems, Mountain View, CA) utilizing in-house
software. Integrated peak area values for choline, creatine, and citrate and peak area ratios
for choline to creatine and choline plus creatine to citrate were automatically calculated for
each voxel. MR spectroscopic imaging data (spectra and associated metabolic ratios) were
overlaid on the corresponding axial T2-weighted images, and these processed images were
sent to our PACS system to become an integral part of the archived MR study.

Image Interpretation
Two readers (ACW and AJJ) with 12 and 4 years of experience, respectively, in the
interpretation of endorectal MRI and MR spectroscopic imaging of the prostate
independently reviewed all MR and MR spectroscopic images on a picture archiving and
communication system workstation (Impax; Agfa, Mortsel, Belgium). Readers knew that
patients had biopsy-proven prostate cancer, but were unaware of any other clinical data or
histopathological results. Readers recorded the location and bi-dimensional size in
millimeters of the dominant tumor focus (if present) on a standardized prostate map. The
dominant tumor focus was defined as the largest focus of ovoid mass-like or crescentic
subcapsular T2 signal reduction that was considered to be malignant based on the expert
judgment of the readers and based on the totality of MR findings. This definition did not
require associated abnormal spectroscopic findings to be present in the dominant tumor
focus, but such findings could influence the designation of dominant tumor focus. Readers
also recorded the number of associated voxels demonstrating suspicious or unequivocal
malignant metabolism on MR spectroscopic imaging, defined as the presence of a choline
peak of similar or greater size than the citrate peak (21). MR spectroscopic imaging tumor
volume was calculated by multiplying the number of such voxels by the nominal voxel size
after zero-filling (0.09 cm3). For example, if 10 voxels were considered to display
unequivocal malignant metabolism, the calculated MRSI tumor size was 0.9 cm3.

Histopathological review
Specimens removed at radical prostatectomy were marked with ink and fixed overnight in
10% buffered formalin. Transverse step sections were obtained at 3 to 4 mm intervals in a
plane perpendicular to the prostatic urethra. Paraffin sections were cut at 3 microns and
stained with hematoxylin and eosin for preparation of slides. An attending pathologist
reviewed the slides and recorded the size, location, and Gleason score of all cancer foci on a
standardized map of the prostate. Histopathological tumor volumes were estimated using the
formula for tumor volume of (4/3)π (D/2)3, where D is the average of the maximum and
minimum axial diameters of the histopathological tumor (22).

Statistical analysis
The major endpoint of this study was the correct identification of dominant treatable foci of
prostate cancer. While the clinical characteristics of what constitutes a treatable focus for
local ablation remain in flux (6, 23), there is general acceptance in the urological community
that a prostate cancer focus of over 0.5 cm3 in volume identifies clinically relevant disease
(24). As such, we considered a treatable dominant prostate cancer focus to be present in a
patient if the largest tumor focus had a histopathological volume of over 0.5 cm3. The
principal investigator (--) compared the histopathological tumor maps with the standardized
tumor maps generated by the readers, to determine which visualized tumors were true
positive and false positive dominant foci. Specifically, a dominant focus of prostate cancer
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was considered to be correctly identified if the dominant focus identified by the readers
corresponded to the dominant focus on the histopathological tumor map. Anatomic
landmarks and tumor laterality, size, and location were used to assist this co-registration and
determination by the principal investigator (while co-registration and accurate distinction of
true and false positives can be problematic for smaller lesions, our experience during this
study confined to the identification of dominant foci was that this determination was
generally straightforward). A logistic random intercept model was used to determine the
association between clinical variables and MR findings and correct identification of treatable
dominant prostate cancer foci (i.e., those dominant foci with a histopathological volume of
over 0.5 cm3) while adjusting for correlation between readers. This particular statistical
model was used because it accounts for the effect of repeated measures (in our study, the
observations by two different readers on the same imaging dataset) and quantifies the extent
to which inter-reader variation is random as against reflecting real interpretative differences.
The latter is expressed as the intra-class correlation. We conducted both forward and
backward stepwise processes to select the variables that would be included in the final
model (p-value criteria, 0.05 for entry and 0.1 for staying). These are rigorous statistical
methods in which the choice of predictor variables included in the model is done
automatically. In the forward selection the process starts without any variables in the model,
and continuous by testing the variables one by one, including only statistically significant
ones. In the backward selection process, the model starts with all variables, which are also
individually tested and eliminated if not statistically significant. Because the methods are not
necessarily complementary or equivalent, we opted for using both methods and then
compare the models obtained. We used likelihood ratio and Wald tests to determine the most
useful predictor variables (p-value criteria, 0.05 for entry and 0.1 for staying). These two
tests allowed us to determine if the addition of automatically disqualified variables to
smaller models would result in a statistically significant contribution to the final model.
Potential clinical and imaging predictor variables compiled by the first author (--) were
baseline serum prostatic specific antigen level, biopsy Gleason score, percentage of positive
biopsies (number of positive cores divided by total number of cores), percentage of positive
tissue length (millimeters of positive tissue divided by total millimeters of tissue), clinical
stage, reader detection of a dominant tumor focus at MRI, tumor volume at MRI (estimated
using the formula for tumor volume of (4/3)π (D/2)3, where D is the average of the
maximum and minimum axial diameters of the tumor at MRI), and volume of concordant
spectroscopic abnormality. The assumption that the continuous fixed component predictors
must have a linear correlation with the logit of the outcome was checked with the use of
locally weighted scatterplot smoothing (LOWESS). The overall accuracy of the model was
described using receiver operating characteristic curve analysis. We used bias corrected
cluster re-sampled bootstrapping to construct 95% confidence intervals. An alpha of 5% was
used for statistical significance. Statistical calculations were performed using Stata
Statistical Software version 11 (StataCorp LP, College Station, TX).

Results
Histopathological findings

In the final study population (n = 88), a total of 300 prostate cancer foci were detected at
histopathological review of the radical prostatectomy specimens (mean of 3.4 nodules per
patient). The mean histopathological tumor volume of the dominant lesion was 3.1 cm3 and
the median dominant tumor volume was 0.023 cm3 (range 0.004 to 33.5 cm3). The
distribution of prostate cancer foci by size is shown in Figure 1. Sixty-nine prostate cancer
foci greater than 0.5 cm3 were detected in 57 patients. Forty-six patients had a single tumor
focus greater than 0.5 cm3, 10 patients had two foci greater than 0.5 cm3, and one patient
had three foci greater than 0.5 cm3. The sizes and Gleason scores of all tumor foci greater
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than 0.5 cm3 in the 11 patients with multiple nodules greater than 0.5 cm3 are shown in
Table 1.

Imaging findings
Readers 1 and 2 identified a dominant tumor focus on MR imaging in 50 (57%) and 58
(66%) of 88 patients, respectively. Histopathological correlation showed that 42 of the 50
(84%) suspected dominant lesions seen by reader 1 and 48 of the 58 (83%) lesions seen by
reader 2 were correctly identified as dominant lesions (Figure 2). The number of suspicious
or malignant voxels on MR spectroscopic imaging was the only predictor included in the
final model. The volume of concordant spectroscopic abnormality was the only factor
entered into our statistical model that was predictive of correct identification of a dominant
intraprostatic lesion (odds ratio = 1.75; 95% confidence interval = 1.08 to 2.82; p-value =
0.02). The area under the receiver operating characteristic curve for this model was 0.86
(95% confidence interval = 0.78 to 0.93) (Figure 3). There was moderate agreement between
readers with an intra-class correlation of 0.47 (95% confidence interval of 0.05 to 0.94). In
particular, identification of 0.54cm3 or more of concordant suspicious or malignant voxels
resulted in identification of the dominant treatable lesion with high certainty. Using this
threshold, reader 1 and 2 identified 42 and 48 patients with dominant treatable tumor foci,
respectively, with no false positives.

Discussion
Our finding that concordant MRI and MR spectroscopic imaging allows for the correct
identification of dominant treatable tumor foci in patients with prostate cancer should
facilitate the selection of appropriate radiological candidates for MR-guided focal therapy.
Our results suggest that MRI and MR spectroscopic imaging are able to correctly and
confidently identify the anatomic location over half of all dominant treatable tumor foci,
given that reader 1 and 2 correctly identified 42 and 48 of the 69 tumor foci over 0.5 cm3,
respectively. It is important to note that our study does not address clinical criteria for focal
therapy, because no consensus exists as to which patients are best suited for this treatment
option. The goal of our study was not to determine clinical criteria for focal therapy, but
rather to investigate whether any imaging findings would help to identify the dominant
intraprostatic lesion. Our design only required readers to identify the single largest tumor
visible on MRI and used histopathological corroboration to identify a variable (suspicious or
definitely malignant voxels on MR spectroscopic imaging) that affords high confidence in
dominant in tumor identification.

Our study is broadly consistent with prior similar studies. A recent series of 100 consecutive
radical prostatectomy specimens confirmed that the largest tumor focus is usually the most
important; although 78% (78/100) of cases demonstrated multifocal disease, only 22 of 170
additional foci were over 0.5 cm3 in size (12.9%) and only 1 had a Gleason score over 6
(25). An estimated 51% of the patients in this series were considered suitable for focal
therapy, based on whether the dominant tumor focus was organ-confined, Gleason score ≤7,
with the total volume of secondary foci ≤0.5 cm3 and Gleason score ≤6. Another series of
1,000 radical prostatectomy specimens found that the largest (index) lesion represented an
average of 80% of the total tumor volume, and that 92% of cases with extracapsular
extension were found to have extracapsular extension emanating from the index lesion (6).
Since treatment modalities such as cryoablation or focused ultrasound can extend treatment
areas beyond the prostatic capsule, focal therapy may benefit patients with extracapsular
extension (26). Although Gleason grade carries prognostic significance, there is no
consensus on whether patients with Gleason grade 7 tumors should be excluded from focal
therapy. Patients with Gleason grade 7 tumors have been included in several focal therapy
studies with encouraging short-term follow-up data (27, 28). Our study may initially appear
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discordant with recent literature questioning the incremental value of MR spectroscopic
imaging (29), but this likely reflects the limited spatial resolution and contribution of
spectroscopic across the range of smaller and lower risk tumors typically seen in patients
undergoing radical prostatectomy. Spectrosopic may still be useful in the subset of these
patients with larger tumors of 0.5 cm3 or greater.

Our study has limitations. First, its retrospective nature may lead to selection bias, as all
patients within the study population underwent radical prostatectomy. Our histopathological
criteria of eligibility may therefore include patients with advanced Gleason grades or tumor
bulk that may be later considered unsuitable for focal therapy. Second, the subjects used to
calculate the performance of the model are the same as those used to fit the model on which
the classification rule is based. A better approach would have been using cross-validation;
unfortunately we were not able to perform such technique due to the limited number of
patients in our sample. Third, we did not investigate other MRI techniques such as diffusion
weighted MR-imaging or dynamically contrast-enhanced MRI. It is likely that the addition
of these sequences would yield different results, perhaps improving the detection of
dominant lesions. For example, diffusion weighted MRI has been shown to significantly
improve tumor volume estimation in prostate cancer (30). Fourth, despite the fact that both
readers correctly identified a similar number of dominant lesions, the inter-reader agreement
was only moderate. In other words, other factors or random variation may have played a role
in reader interpretation. Fifth, our study design was deliberately chosen to address only
identification of the largest tumor focus, given that the dominant focus is usually the most
important, as discussed above. That said, it is noteworthy that 11 of our 88 patients had two
or more nodules of 0.5 cm3 or greater in size, and 6 (2) of these 11 patients as evaluated by
reader 1 (2) would have been considered eligible for focal therapy of the dominant lesion
based on reader MR identification of the dominant lesion (Table 1). Overall, it could be
argued that 6 of 42 patients identified as eligible for focal therapy by reader 1 would have
been inappropriately treated, with the corresponding values for reader 2 being 2 of 48. That
is, therapy would have been directed to the largest tumor focus of 0.5 cm3 or greater in size
in these patients with additional tumor foci of 0.5 cm3 or greater in size going untreated.
Further studies will be required to address the clinical or radiological features that allow for
accurate identification of patients with multiple foci of treatable disease, so that these
patients can be offered multifocal or standard definitive therapy. Sixth, this study did not
address the admixture of benign tissue interspersed with cancer (31), a described finding that
might confound the identification of tumor margins for ablation. We are currently
conducting a separate study to investigate appropriate margins for MR-guided focal therapy
of prostate cancer. Seventh, we calculated both MRI and histopathological tumor volumes
from bidemensional axial diameters. This methodology assumes the craniocaudad diameter
is the mean of the two axial diameters. It is possible that this geometric assumption is
incorrect for tumors elongated in the coronal direction, but accurate histopathological
measurements of the craniocudad dimension are difficult to obtain since slice intervals may
be imprecise and because of errors introduced by fixation. Finally, our study is preliminary
and only addresses patient selection for MR guided focal therapy, such as high intensity
focused ultrasound or laser ablation. Ultimately, these emerging technologies will need more
extensive validation, including demonstration of adequate cancer control and acceptable
morbidity.

In conclusion, patients with dominant intraprostatic tumor foci seen on T2-weighted MRI
and associated with at least 0.54 cm3 of concordant MR spectroscopic imaging abnormality
may be radiological candidates for MR guided focal therapy.
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Figure 1.
Distribution by size of prostate cancer foci (n = 300 foci) detected at histopathological
review of radical prostatectomy specimens (n = 88 cases).
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Figure 2A.
Photomontage showing an axial T2-weighted image with an overlaid grid (left side of
montage) and the spectral array corresponding to the overlaid grid (right side of montage) in
a 68-year-old man with a PSA of 8.2 and Gleason 7 prostate cancer on transrectal ultrasound
guided biopsy. A focus of low T2 signal intensity (large arrow on left) corresponds to a
cluster of voxels with elevated choline peaks (small arrows on right) and is consistent with
tumor.
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Figure 2B.
Corresponding section from a histopathological tumor map prepared after step-section
review of the radical retropubic prostatectomy specimen from the patient featured in Figure
1A shows a focus of tumor in the right mid-gland that corresponds to the abnormality seen
in Figure 1A (a second smaller tumor focus anteriorly is not visible on MR imaging).
Handwritten annotations refer to tumor size (cm) and Gleason score. The posterior tumor
was associated with extracapsular extension, as indicated by tumor extending beyond the
margin of the prostate.
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Figure 3.
The area under ROC curve was 0.86 (95% CI = 0.77 to 0.92), suggesting a good
performance of the model. At a threshold of 0.54cm3 of spectroscopic abnormality, the
model has a sensitivity of 59.8% and specificity of 100%, correctly classifying 67% of
cases.
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