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Abbreviations
and Acronyms

3D = 3-dimensional
A&CG = anterior horns of
peripheral zone and central gland

ADC = apparent diffusion
coefficient

CG = central gland

DCE = dynamic contrast
enhanced

DW = diffusion weighted

GEE = generalized estimating
equation

MRI = magnetic resonance
imaging

MRS = magnetic resonance
spectroscopy

NPV = negative predictive value
PPV=positive predictive value
PSA=prostate specificantigen
PZ =peripheral zone

T2W = T2-weighted

TRUS = transrectal ultrasound
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Purpose: We determined the prostate cancer detection rate of multiparametric
magnetic resonance imaging at 3T. Precise one-to-one histopathological correla-
tion with magnetic resonance imaging was possible using prostate magnetic
resonance imaging based custom printed specimen molds after radical prostatec-
tomy.

Materials and Methods: This institutional review board approved prospective
study included 45 patients (mean age 60.2 years, range 49 to 75) with a mean
prostate specific antigen of 6.37 ng/ml (range 2.3 to 23.7) who had biopsy proven
prostate cancer (mean Gleason score of 6.7, range 6 to 9). Before prostatectomy all
patients underwent prostate magnetic resonance imaging using endorectal and
surface coils on a 3T scanner, which included triplane T2-weighted magnetic
resonance imaging, apparent diffusion coefficient maps of diffusion weighted
magnetic resonance imaging, dynamic contrast enhanced magnetic resonance
imaging and spectroscopy. The prostate specimen was whole mount sectioned in
a customized mold, allowing geometric alignment to magnetic resonance imag-
ing. Tumors were mapped on magnetic resonance imaging and histopathology.
Sensitivity, specificity, positive predictive value and negative predictive value of
magnetic resonance imaging for cancer detection were calculated. In addition, the
effects of tumor size and Gleason score on the sensitivity of multiparametric
magnetic resonance imaging were evaluated.
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Results: The positive predictive value of multiparametric magnetic resonance imaging to detect prostate
cancer was 98%, 98% and 100% in the overall prostate, peripheral zone and central gland, respectively. The
sensitivity of magnetic resonance imaging sequences was higher for tumors larger than 5 mm in diameter as
well as for those with higher Gleason scores (greater than 7, p <0.05).

Conclusions: Prostate magnetic resonance imaging at 3T allows for the detection of prostate cancer. A
multiparametric approach increases the predictive power of magnetic resonance imaging for diagnosis. In this
study accurate correlation between multiparametric magnetic resonance imaging and histopathology was
obtained by the patient specific, magnetic resonance imaging based mold technique.

Key Words: prostatic neoplasms, prostatectomy, magnetic resonance imaging, magnetic resonance
spectroscopy, pathology

PROSTATE cancer is the most common cancer among
American men with an estimated 217,730 new cases
and 32,050 deaths in 2010.' Screening with PSA has
led toincreased detection of prostate cancer, and the
detected cancers are smaller, lower grade and lower
stage. Therefore, validating imaging methods for
prostatecancerdetectionhasbecomemorechalleng-
ing. MR, including anatomical and functional se-
quences, has been shown to be effective in the pre-
operative detection and local staging of prostate
cancer in various studies with different magnetic
field strengths.?"'®* However, there are limitations in
validating MRI findings even with whole mount his-
topathology as the gold standard because freehand
slicing can easily result in deformation of the pros-
tatectomy specimens, thereby altering the orienta-
tion of histological sections compared to MRL.'#1617
These mismatches between histopathology and MRI
can make it difficult to assess the true accuracy of
MRI. In this study we describe our experience using
a customized specimen mold based on the data ex-
tracted from the preoperative MRI, which allows
sectioning of the prostate in the same planes as the
in vivo MRI slices. The findings of multiparametric
MRI (T2W MRI, ADC maps of DW MRI, MRS, DCE
MRI) were correlated with the resulting registered
histopathology slices.

MATERIALS AND METHODS
Study Design and Population

This prospectively designed, single institution study was
approved by the local institutional review board, and was
compliant with the Health Insurance Portability and Ac-
countability Act of 1996. Informed consent was obtained
from each patient. A total of 45 consecutive patients were
enrolled in the study between July 2008 and July 2009.
Mean patient age was 60.2 years (median 60, range 49 to

75) and mean PSA was 6.37 ng/ml (median 5.8, range 2.3
to 23.7). All patients had biopsy proven adenocarcinoma of
the prostate and mean Gleason score was 6.7 (median 7,
range 6 to 9). The inclusion criteria required that robotic
assisted radical prostatectomy be performed within 180
days of imaging without any intervening treatment. Ex-
clusion criteria were contraindications to MRI (cardiac
pacemakers, prosthetic valves, severe claustrophobia etc)

or inability to have an endorectal coil placed (anorectal
surgery, colostomy, inflammatory bowel disease, severe
hemorrhoids etc).

Magnetic Resonance Imaging

All MRI studies were performed using a combination of an
endorectal coil (BPX-30, Medrad, Pittsburgh, Pennsylva-
nia) tuned to 127.8 MHz and a 16-channel cardiac coil
(SENSE, Philips Medical Systems, Best, The Nether-
lands) on a 3T magnet (Achieva, Philips Medical Systems)
without prior bowel preparation. The endorectal coil was
inserted using a semi-anesthetic gel (lidocaine) while the
patient was in left lateral decubitus position. The balloon
surrounding the coil was distended with perfluorocarbon
(3 mol/L-Fluorinert, 3M, St. Paul, Minnesota) to a volume
of approximately 50 ml to reduce susceptibility artifacts
induced by air in the coil’'s balloon. The MRI protocol
included triplanar T2W turbo spin echo, DW MRI, 3D
MR point resolved spectroscopy, axial pre-contrast T1-
weighted axial 3D fast field echo DCE MRI sequences, and
their detailed sequence parameters were defined in a prior
study.!? The mean interval between MRI and radical pros-
tatectomy was 60 days (range 3 to 180, median 48). The
interval between TRUS guided biopsy and MRI was 10 or
more weeks to avoid post-biopsy hemorrhage related MRI
signal changes.

Preparation of Customized MRI Based Mold
Following MRI, 3D models of each prostate were gener-
ated using ANALYZE software (Mayo Clinics, Analyze-
Direct, Inc., Overland Park, Kansas). Generation of the

3D model included segmentation of the prostate capsule
on in vivo triplane T2W MR, fusion of the binary objects,
and surface extraction of high resolution 3D surfaces from
the binary object. Each mold was designed using commer-
cially available 3D computer aided design software (Solid-
works, Dassault Systémes SolidWorks Corp., Concord,
Massachusetts) and the design incorporated the deforma-
tion of the endorectal coil. A 3D printer (Dimension Elite
3D printer, Stratasys, Inc., Eden Prairie, Minnesota)
which prints by depositingacrylonitrile butadiene styrene
plastic was used to fabricate each mold (fig. 1). Following
robotic radical prostatectomy the specimen was fixed in
formalin for 2 to 24 hours at room temperature, then
seminal vesicles were amputated and the specimen was
placed in the customized 3D mold and sliced in axial 6 mm
sections.'® This short period of fixation makes the speci-
men firm and allows slicing without distortion.
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Figure 1. Customized MRI based prostatectomy mold

MRI and Histopathological Analysis

Tumors were mapped prospectively on multiparametric
MRI (each MRI sequence was evaluated separately and
independently) by 2 radiologists (BT, PLC) with an ac-
cumulated experience of prostate MRI of 4 and 12 years,
respectively. MRIs were assessed in consensus. Al-
though both reviewers were aware that patients had
biopsy proven prostate cancer, they were blinded to pre-
imaging serum PSA, TRUS guided biopsy results and
histopathology findings. Whole mount histopathol- ogy
specimens sectioned in the customized mold were
mapped for individual tumor foci, dimensions and Glea-
son scores independently by 2 experienced pathologists
(HM, MJM) blinded to MRI. For tumor localization on
MRI and histopathology, the prostate gland was divided
into axial sections (the number of axial sections varied
between 4 and 7 depending on the dimension of the
prostatectomy specimen). Sectioning of the gross speci-
men in the molds corresponded to the axial plane of the
MRI sections. These whole mount sections were pro-
cessed for histopathology, and paraffin embedded sec-
tions were evaluated for the presence and grade of can-
cer. Foci of cancer were marked on each slide with 2-axis
measurements in millimeters. These foci were then
mapped on paper. For comparative evaluation each of
the slices was divided on paper into 6 regions, includ-
ing 4 PZ sections (right anterior, right posterior, left
anterior, left posterior) and 2 CG regions (right, left).
Thus, all histology sections were annotated.

MRI and Histopathology Correlation

The customized mold provided whole mount tissue blocks
that have one-to-one correspondence to the in vivo MRI.
The annotated histology images ofeach whole mountspec-
imen were stringently correlated with the corresponding
slice of the multiparametric MRI (fig. 2). For region based
correlation, the annotated histology region and corre-
sponding MRI having marked tumors were simultane-
ously displayed on computer using MIPAV (http://mipav.
cit.nih.gov/) software and no correction or approximation
was performed during correlation.

Statistical Analysis

Statistical analysis was performed to assess the correla-
tion between MRI and histopathology. Sensitivity, speci-
ficity, PPVs and NPVs of MRI were calculated in the PZ,
CG, anterior peripheral zone (including the anterior
stroma, bilateral A&CG) and in the overall prostate gland.
MRI sequence sensitivity was defined as the probability of
correctly identifying a histopathologically proven tumor
focus in a given region. Specificity was defined as the
probability of correctly identifying regions negative for
tumor. Estimates of sensitivity and specificity were ob-
tained by first estimating the sensitivity and specificity
across all levels of zones of interest for each patient. Sen-
sitivity and specificity were then estimated by averaging
the individual specific estimates across patients. The vari-
ance of the estimate is the sample variance divided by the
number of patients. We tested for differences in sensitivity
and specificity between different modalities by testing for
differences in individual specific estimates using the
paired Wilcoxon rank test.

We then analyzed the effect of histopathological vari-
ables on the sensitivity of each MRI sequence accounting
for the correlation among the multiple regions on the same
patient. Specifically we evaluated the effect of lesion size
(greatest diameter 5 mm or less vs more than 5 mm) and
Gleason score (7 or less vs greater than 7) for each tumor
focus in 4 different zones. GEEs with logit link and work-
ing independence correlation structure were used to esti-
mate sensitivity and to test the effect of histopathological
variables on sensitivity. GEEs were also used to evaluate
the combined diagnostic accuracy of multiple MRI vari-
ables in a region on the probability of cancer within that
region. Robust variance estimate and delta method were
used to calculate the standard errors of PPV. Eleven GEE
models with different combinations of MRI sequences
were fitted for each zone and each modality. The Wald test
with robust variance estimate was used for inference. All
p values correspond to 2-sided tests with p <0.05 consid-
ered statistically significant.

RESULTS

Histopathological Findings

Whole mount histopathological evaluation of 45
prostatectomy specimens revealed 342 tumor posi-
tive regions (281 [82%] in PZ and 61 [18%] in CG)
among 1,746 regions. Of these 342 tumor positive
regions, 110 (90 [82%] in PZ and 20 [18%] in CG)
contained tumors 5 mm or less in diameter, whereas
232 (191 [82%] in PZ and 41 [18%] in CG) contained
tumors greater than 5 mm in diameter. Gleason
scores were 7 or less in 235 (194 [82.5%] in PZ and
41 [17.5%] in CG) regions and greater than 7 in 107
(87 [81%] in PZ and 20 [19%] in CG) regions. On
histopathological evaluation extracapsular exten-
sion was detected in 20 regions in 12 prostatectomy
specimens. Seminal vesicle invasion was detected in
2 patients.
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Figure 2. Prostate cancer in 52-year-old man. Axial T2-weighted and ADC map (A) of diffusion weighted (B) MRI demonstrates low
signal intensity lesion (arrows) in right mid anterior central gland lesion suspicious for cancer. K™ (C) and k,(D) maps of dynamic
contrast enhanced MRI localize tumor (arrows). MRS (E) demonstrates increased ratio of choline (cho)-to-citrate (cif) in right mid
anterior central gland lesion (asterisk) compared with normal adjacent left side (plus sign). Histopathological slide (F) at mid prostate
level confirms presence of tumor (Gleason score 7, broken line) detected on multiparametric MRI. A, anterior. L, left. P, posterior.

R, right. Reduced from x100.

MRI Findings

Based on the results of the GEEs/logistic regression,
all 4 MRI combined sequences provided significant
improvementin positive predictive value compared
to each single MRI sequence and some doublet MRI
sequences (p <0.01). For example, in the peripheral
zone the PPV estimated from the GEE using all 4
MRI sequences was 98%, which was significantly
higher than using T2ZW MRI alone (PPV 69%), and

using a combination of T2W MRI and ADC maps of
DW MRL In the central gland the PPV using all 4
MRI sequences was 97% vs 87% using TZW MRI
alone. Tables 1 and 2 summarize the individual sen-
sitivity, specificity, and positive and negative predic-
tive values of the 4 MRI sequences for the PZ, CG,
A&CG and overall prostate gland. The sensitivity
for T2W MRI and ADC maps of DW MRI was sig-
nificantly higher than MRS and DCE MRI in the PZ
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Table 1. Sensitivity and specificity for each MRI sequence
in different prostate zones

Pz CG A&CG Overall Gland

% Sensitivity (p value):

T2W 0.65(0.04) 0.15(0.08) 0.38(0.07) 0.58 (0.04)

ADC 0.57(0.04) 0.22(0.09) 0.44{0.07) 0.53 (0.04)

MRS 0.17(0.04)  0.08({0.06) 0.15{0.05)  0.16(0.04)

DCE 0.39(0.05) 0.22(0.09) 0.31{0.07)  0.38(0.05)
% Specificity (pvalue):

T2W 0.9 (0.02) 1 (0) 0.98(0.01) 0.93(0.01)

ADC 0.93(0.02) 0.97(0.01) 0.97(0.01) 0.95 (0.01)

MRS 1 0 1 0 1 (0) 1 (0)

DCE 0.97(0.01) 0.99 (0) 099 (0) 0.98 (0.01)

In peripheral zone and overall gland, except for the comparisons between T2W
MRI and ADC maps of DW MRI, the 4 modalities had significantly different
sensitivity and specificity (p <0.01), with T2W having the highest sensitivity and
MRS having the highest specificity. In the central gland most of the differencesin
sensitivity and specificity were not significant. in the anterior peripheral zone and
central gland, T2W MRI, ADC maps of DW MRIand DCE MRI had significantly
higher sensitivity than MRS {p<0.01).

as well as in the overall prostate gland (p <0.01
for all pair-wise comparisons), whereas for the CG
and A&CG regions T2W MRI, ADC maps of DW
MRI and DCE MRI had significantly higher sensi-
tivity than MRS (p <0.01). Positive predictive val-
ues of T2W MRI, ADC maps of DW MRI, MRS and
DCE MRI were 0.7, 0.73, 0.93 and 0.86, respectively,
in the overall prostate gland (p <0.01), and NPVs of
each MRI sequence were similar (table 2). The re-
sults presented in table 3 suggest that sensitivity
increases with the lesion size and Gleason score.
With the exception of MRS in the PZ and overall
prostate gland, sensitivity was higher for tumors
larger than 5 mm in diameter vs 5 mm or less.
Sensitivity improved for tumors with higher Glea-
son scores (greater than 7) in each modality in all
prostate zones (p <0.01).

On MRI the region analysis revealed extracapsu-
lar extension in 27 regions in 18 patients, which
included possible multiple regions from the same
patient. That analysis revealed sensitivity and spec-
ificity rates of 85% and 99%, respectively. However,
oh a per patient analysis predicting extracapsular
extension the sensitivity and specificity rates de-
creased to 78% and 79%, respectively.

DISCUSSION
An ancillary benefit of MRI is that it may more

accuratelv stage tumors before treatment. This tech-
nologv will notentiallv be useful in image guided.

focal therapy as well as whole glanad therapy such as
surgery or radiation. Our data indicate that mul-
tiparametric prostate MRI at 3T enables accurate
tumor detection with reasonable sensitivity and
specificity. Among the MRI sequences, T2W MR,
ADC maps of DW MRI and DCE MRI were the most

helpful for tumor detection in the central gland,
where a significant overlap between tumors and be-
nign prostatic hyperplastic changes usually occurs.
A combination of DW MRI and DCE MRI demon-
strated the most promising sensitivity for anterior
PZ and CG tumors. Traditionally, systemic TRUS
guided biopsy under samples the CG and the ante-
rior PZ.

MRI has better sensitivity for detecting larger
(more than 5 mm in diameter) and more aggressive
(Gleason score greater than /) tumors, indicating
that it may preferentially detect clinically relevant
tumors.!® In addition, for overall prostate cancer
detection, multiparametric MRI performed better
than any individual MRI sequence. The improved
value of sequential MRI at 3T which includes T2W
MRI, ADC maps of DW MRI, choline-to-citrate ratio
of MRS and permeability parameters derived from
DCE MR], is demonstrated in this data.

The customized mold provided tissue blocks
that permitted a direct one-to-one correlation with
in vivo MRI. The use of the customized mold en-
abled more exact correlation between each MRI
parameter and the histopathological specimen,
without requiring a correction or an approxima-
tion approach. In prior studies to correct the mis-
matches between MRI and histopathology several
methods have been proposed. Scheidler et al used
a methodology which considered tumor sites de-
tected on MRI and histopathology if they were in
the same sextant within a range of 1 section (%3 to
4 mm craniocaudally) provided that they were in
the same anterior or posterior prostatic hemi-
sphere.'® Villers et al matched MRI with histopa-
thology based on anatomical landmarks such as
gland contours.!” Other groups accepted a dis-
tance of 8 to 10 mm (approximately 2 sections) as
evidence of a match between MRI and histopathol-
ogy.”?%?! Before the current specimen mold tech-
nique, a nearest neighbor approach had been used
by our group to validate MRI with a more stan-
dardized, unbiased method.'? Moreover, the ma-

Table 2. Positive and negative predictive values for each MR/
sequence in different prostate zones

Pz CcG A&CG Overall Gland

% PPV (p value):

Tow 069(0.05)  087(0.1)  0.73(009)  0.7(0.05)

ADC 0.74 (0.04) 0.63(0.13) 0.75 (0.06) 0.73{0.04)

MRS 0.94 (0.04) 0.89(0.1) 0.96 (0.04) 0.93 {0.04)

vt 0.86({0.05)  0.86{0.07)  0.89{0.04) 0.86 (0.04)
% NPV (p value):

T2W 0.89 {0.02) 0.92 {0.02) 0.93 {0.01) 0.9 (0.01)

ADC 0.87{0.02) 0.92 (0.02) 0.94 (0.01) 0.89 (0.01)

MRS 0.8 (0.02) 0.91(0.02) 0.91(0.01) 0.83 (0.01)

DCE 0.84(0.02) 0.92 (0.02) 0.92 (0.01) 0.87(0.01)

PPVswere significantly differentamong the 4 MRI sequences (p <0.01) whereas
NPVs were similar,
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Table 3.

Effects of tumor characteristics on sensitivity of each MRI sequence in different prostate zones

T2W MRI
% Sensitivity (p value)

DCE MRI
% Sensitivity (p value)

% Sensitivity (p value)

MRS DW MRI
% Sensitivity (p value)

Overall prostate gland:
Gleason score / or less
Gleason score greater than 7
Size 5 mm or less
Size greater than 5 mm

Peripheral zone:

Gleason score 7 or less
Gleason score greater than 7
Size 5 mm or less

Size greater than 5 mm

Central gland:

Gleason score 7 or less
Gleason score greater than 7
Size 5 mm or less 0
Size greater than 5 mm

A&CG:

Gleason score 7 or less
Gleason score greater than 7
Size 5 mm or less

Size greater than 5 mm

0.4/ (0.U5)
0.8 (0.06)
0.37(0.05)
0.68 (0.05)

0.56 {0.05)
0.85 (0.05)
0.45 (0.05)
0.75 {0.05)

0.05 (0.05)
0.6(0.21)

0.34(0.15)

0.29 (0.07)
0.76 (0.13)
0.12(0.07)
0.57 (0.09)

0.2/ {U.U5) 0.14 (.04 0.85 (0.05)
0.69 (0.08) 032 (0.14) 0.74(0.07)
0.13 (0.03) 0.08 (0.03) 0.33 (0.06)
0.53(0.07) 0.25 (0.08) 0.64 (0.06)
0.30 (0.05) 0.17{0.04) 052 (0.06)
0.69 (0.09) 0.30(0.17) 0.74(0.08)
0.15 (0.04) 0.10{0.04) 0.40 (0.07)
0.55 (0.07) 0.26 (0.09) 0.68 (0.06)
0.12(0.08) 0 o) 0,10 (0.07)
0.7 (0.18) 0.4 (0.23) 0.75(0.18)
(0) 0.05 (0.05) 0 (o) 0 (0)
0.44 (0.14) 0.2 (0.13) 0.46 (0.16)
0.18 {0.06) 0.06 (0.03) 0.35 (0.07)
0.79(0.12) 0.5(0.18) 0.84(0.11)
0.07 (0.04) 0.02 (0.02) 0.29(0.1)
0.49 (0.1) 0.27(0.11) 0.59 (0.09)

Withthe exception of MRSin the PZand overall prostate gland, all 4 MRI sequences had significantly higher sensitivityin detecting larger tumors and tumors with Gleason

score greater than 7 (p < 0.05 for all comparisons}.

jority of the studies correlating MRI with histopa-
thology do not directly acknowledge the difficulties
in matching imaging to histopathology. The use of a
customized specimen mold in this study allowed us
to better validate MRI in prostate cancer detection
and localization, and helped us to improve our re-
sults in terms of tumor detection and local staging at
MRI compared to our prior correlation  results.'

Our study has several limitations. The radiolo-
gists reviewing the MRI knew that all patients in-
cluded in the study had biopsy proven cancer and
this could lead to bias during the interpretation of
the magnetic resonance images. In addition, the cus-
tomized MRI based specimen mold is relatively ex-
pensive. Therefore, we do not advocate it for routine
clinical use. However, such a systematic method can
be useful in multicenter clinical trials. It was used
for research purposes only in this study. Finally, we
sliced the prostate in 6 mm sections, whereas the
MRI was obtained in 3 mm slice thicknesses. In
future studies we intend to slice the sections at 3
mm intervals.

CONCLUSIONS

Prostate MRI at 3T allows for the detection of
prostate cancer. In particular, a multiparametric
approach increases the predictive power of MRI
for diagnosis. The patient specific mold provides
evenly spaced tissue blocks of uniform thickness
which correspond directly to the MRI slice planes,
leading to improved co-registration with histology
compared with prior freehand methods. MRI may
provide the urologist an imaging modality to bet-
ter treat patients with prostate cancer. With con-
tinued research this imaging platform may also
allow a more accurate method for cancer detection
than traditional systematic nonguided biopsies.
Compared to the traditional biopsy method, mul-
tiparametric imaging may allow earlier diagnosis
of anterior prostate lesions and can guide needle
biopsies more accurately than systematic meth-
ods. These findings may also provide the basis for
image guided, minimally invasive, focal treat-
ments of prostate cancer.
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