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ABSTRACT

Standard clinicopathological variables are inadequate for optimal management
of prostate cancer patients. While genomic classifiers have improved patient risk
classification, the multifocality and heterogeneity of prostate cancer can confound
pre-treatment assessment. The objective was to investigate the association of
multiparametric (mp)MRI quantitative features with prostate cancer risk gene
expression profiles in mpMRI-guided biopsies tissues.

Global gene expression profiles were generated from 17 mpMRI-directed
diagnostic prostate biopsies using an Affimetrix platform. Spatially distinct imaging
areas (“habitats’) were identified on MRI/3D-Ultrasound fusion. Radiomic features
were extracted from biopsy regions and normal appearing tissues. We correlated
49 radiomic features with three clinically available gene signatures associated with
adverse outcome. The sighatures contain genes that are over-expressed in aggressive
prostate cancers and genes that are under-expressed in aggressive prostate cancers.
There were significant correlations between these genes and quantitative imaging
features, indicating the presence of prostate cancer prognostic signal in the radiomic
features. Strong associations were also found between the radiomic features and
significantly expressed genes. Gene ontology analysis identified specific radiomic
features associated with immune/inflammatory response, metabolism, cell and
biological adhesion. To our knowledge, this is the first study to correlate radiogenomic
parameters with prostate cancer in men with MRI-guided biopsy.

INTRODUCTION disease [1]. The overtreatment of men with prostate cancer
is a well-recognized problem and active surveillance has

Treatment recommendations for prostate cancer rapidly become a standard recommendation for many men
patients are currently based on risk stratification using with low risk disease [2]. Prostate tumor heterogeneity
PSA, Gleason score (GS) and T-category, which typically confounds the selection of men for active surveillance
categorize men as having low, intermediate, and high risk or definitive primary treatment because the determinate

www.impactjournals.com/oncotarget 53362 Oncotarget



lesion is missed in approximately 30% of cases. New
methods are needed to improve risk stratification and
optimize management [3].

Genomic analyses and gene expression signatures,
such as Decipher® (GenomeDx, San Diego, California)
[4-7], Prolaris® Cell Cycle Progression (CCP) (Myriad
Genetics, Salt Lake City, Utah) [8], Genomic Prostate
Score® (GPS) (Genomic Health, Redwood City, CA) [9]
have the potential to become integral to risk stratification
and management. Prostate cancer, however, exhibits
spatial heterogeneity that can confound current pre-
treatment clinicalopathological and genomic assessment.
Multiparametric (mp)MRI, including sequences for
anatomical (T2-weighted (T2w)), perfusion (Dynamic
contrast enhanced (DCE-)MRI) and diffusion (diffusion
weighted imaging (DWI)) is an excellent tool for
visualization of prostate structures, distributions of
blood flow or diffusion. We propose the characterization
of prostate ‘“habitats”, and hence prostate cancer
heterogeneity, through identification of distinct imaging
characteristics using these sequences [10]. Our approach
incorporates “radiomics”, an emerging method for
high-throughput extraction of imaging features from
diagnostic radiographic series [11]. Quantification and
characterization of these features have been found to
reflect tumor molecular characteristics (radiogenomics)
and, hence, heterogeneity in solid tumors [12].

In this report, we describe for the first time the
relationship between quantitative mpMRI and gene
expression in prostate cancer samples from patients
undergoing mpMRI-directed prostate biopsies. Biopsy
targets were selected based on habitats at risk of harboring
cancer. We extend the use of the habitat concept to the
entire prostate as an important component of tumor
microenvironment, including ‘normal’ appearing tissues
(NAT) in the peripheral (PZ) and transition (TZ) zones.
We demonstrate significant associations between
quantitative imaging features and genes associated with
adverse outcome, as well as genes associated with specific
biological processes from mpMRI-directed biopsy tissue.
We show that both tumor and surrounding prostate
tissue contribute significantly to radiogenomic features
associated with tumor molecular characteristics related to
aggressive behavior.

RESULTS

Workflow for co-registration of genomic and
radiomic data

The radiogenomics workflow is schematically
represented in Figure 1. An mpMRI exam of the prostate,
consisting of anatomical (T2w), perfusion (DCE-MRI)
and diffusion (DWI) was acquired.

(Figure 1, pink shading) Prostate and suspicious for
cancer regions were outlined in ProFuse (Eigen, Grass

Valley, CA), a multi-modality image fusion software. MRI
and 3D-Ultrasound of the prostate were co-registered,
using deformable fusion. Tissue from the identified targets
was obtained for pathology and gene expression analysis.
The procedure for selecting MRI-guided biopsy targets is
outlined in Figure 2.

(Figure 1, grey shading) Radiomics data were
extracted in MIM system (MIM Software, Inc., Cleveland,
Ohio). Prostate, peripheral zone (PZ) and urethra were
manually contoured on T2w. TZ volume was determined
by subtracting the PZ and urethra from the prostate
volume. In addition, volumes of Normal Appearing Tissue
(NAT) in PZ and TZ were outlined. The tumor habitats are
determined as described in Methods. Briefly, tumors were
characterized by high vascular perfusion/permeability and
rapid contrast washin and gradual washout on DCE-MRI,
and then the suspicious areas are stratified as high, mid and
low probability for cancer. Similarly, areas of restricted
diffusion, associated with tumor growth and cancer cell
proliferation were delineated on ADC maps and assigned
high, medium and low probabilities based on established
values (<800, >800 to <1000, and 1000 to <1200 um?/s).
Tumor habitats were identified as the intersections of high
perfusion and low diffusion areas and the corresponding
probabilities were assigned. The biopsy regions of interest
(ROIs) were derived from the identified habitats and other
imaging information. The needle biopsy path was back-
projected onto the MRI. Some of the radiomic features
were from the biopsied tumor habitats and some were
from normal appearing regions of the prostate.

Patient samples

Between September 2012 and March 2014, 37
patients underwent mpMRI-guided prostate biopsies
at the University of Miami and six patients met the
following selection criteria: presence of at least three
positive biopsies within a prostate with either (i) at least
two distinct lesions found on imaging; or (ii) two distinct
GS within a single lesion. Total of nineteen biopsies were
identified and the summary of the patient characteristics
is presented in Table 1. The Gleason Score (GS) from re-
reviewed H&E slides prior to gene expression analysis
shows that the selection criteria did not hold in some cases.

Genomics features and association with
gleason score

Out of 19 biopsy samples obtained, 17 samples
yielded sufficient RNA (>100ng) for amplification
and hybridization to Affymetrix Human Exon 1.0 ST
microarrays (Table 1). All 17 biopsy samples passed
microarray quality control metrics as described in
Methods. Unsupervised clustering was performed in order
to compare tumor expression patterns between patients and
within patients. Hierarchical clustering using Pearson’s
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Figure 1: Experimental Design. Multiparametric (mp)MRI, consisting of anatomical (T2-weighted), perfusion (Dynamic Contrast
Enhanced [DCE]-MRI) and diffusion (Diffusion Weighted Imaging [DWI]) imaging sequences is acquired on 3T scanner. Upper left-hand
side (shaded in pink) denotes the procedures for mpMRI-ultrasound fused targeted biopsies. The steps for radiomic analysis are presented
at the right hand side in grey. Histopathology results, gene expression analysis and radiomic features are combined in the radiogenomic
analysis.

Figure 2: Delineation of biopsy targets on mpMRI and fusion of targets on 3D TRUS. A. Screenshots from ProFuse
software (Eigen, Grass Valley, CA) for fusion of mpMRI delineated prostate Regions of Interest (ROIs) for targeted biopsy. Two axial
slices, going from base (top) to apex (bottom) are displayed. The prostate volume is outlined (yellow contour); (Left) T2-weighted MRI;
(Center) Apparent Diffusion Coefficient (ADC) derived from Diffusion Weighted Imaging (DWI); and (Right) Early enhancing image from
Dynamic Contrast Enhanced (DCE-)MRI. The volumes in red, green and blue are assigned high, medium and low probability for cancer; B.
A screenshot from Artemis (Eigen, Grass Valley, CA), displaying the 3D TRUS views corresponding to the axial slices in (A) after non-rigid
fusion of the prostate boundaries on MRI and ultrasound. The targets are transferred from mpMRI to real-time ultrasound biopsy system; C.
Schematic representation of the prostate and target volumes. (Note that the display contains a ROI in yellow is with unassigned probability).
Yellow lines indicate biopsy needle tracks (1 needle in green, 2 in red and 1 in blue); The corresponding N&E slides at 20 x magnification
from green target (left; Gleason Score 6) and red targets (right, Gleason Score 7).
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Table 1: Patient clinical characteristics

Patient ID Age (years) PSA (ng/ml) T-category Biopsy Location GS' (selection) GS* (review)

Left mid posterior PZ GS 7 GS7
P1 76 10.8 Tlc Left mid posterior PZ GS7 GS7
Right apex posterior PZ GS7 GS 6
Left apex posterior PZ GS 8 GS 8

P2 85 6.2 Tlc Left apex posterior PZ GS 8 no tumor*

Left mid posterior PZ GS 8 no tumor”
Left apex lateral PZ GS7 GS 7
P3 67 44 Tlc Left mid lateral PZ GS7 GS 8
Left mid lateral PZ GS7 GS7
Right apex posterior PZ GS 6 GS 6
- 61 . Tle Right mid posterior PZ GS 6 GS 6
Left apex lateral PZ GS 6 GS 6
Left mid anterior TZ GS 7 GS 6
Left mid anterior TZ GS7 GS 6
P5 65 4.2 Tlc Left mid anterior TZ GS6 GS6
Left base anterior TZ GS 6 GS 6
Left apex posterior PZ GS7 GS9
P6 72 10.8 cT2b Left mid posterior PZ GS7 GS7
Left mid posterior PZ GS7 GS9

Abbreviations: PSA = Prostate Specific Antigen; GS = Gleason Score; PZ = Peripheral Zone; TZ = Transition Zone
" Biopsies in different color are taken from distinct lesions in the prostate;

TGS at selection of patients for gene expression analysis;
£ GS at re-review;
#Not enough tumor for gene expression analysis.

correlation as the distance metric was performed using all
genes and phylogenetic trees were created for visualization
(Supplementary Figure S1A). The unsupervised clustering
grouped samples on the individual branches of the tree
(a measure of similarity) based on patient origin. In
comparison, when clustering analysis was performed
using only prostate cancer related genes, patient samples
clustered based on Gleason Score (Supplementary Figure
S1B). Finally, the 22 genomic expression feature Decipher®
(GenomeDx, San Diego, California) test clustered samples
by Gleason score (Supplementary Figure S1C).
Expression patterns of the 22 gene Decipher panel
are illustrated as a heatmap in Figure 3A. Hierarchical
clustering segregated the cohort into Gleason 6 and
Gleason 8-9 disease. Gleason 7 samples segregated
in both low and high risk clusters, in keeping with the
genetic heterogeneity of this subtype. In addition to GS,
the Decipher expression patterns also segregated by risk
category, suggesting strong correlation between Gleason

and Decipher score. Decipher and Gleason scores were
also consistent with previous evaluations of tumor
specimens from RP (Supplementary Figure S2) [13].
Low Decipher scores were significantly associated with
Gleason scores (p-value = 8.23e-05) and all 8 samples
with GS 6 were classified as Decipher low risk, based
on previously reported cut-points for Decipher risk
groups (Decipher score < 0.45). Decipher score was also
significantly positively correlated with PSA (Spearman
correlation p-value = 0.037, data not shown).

Radiomic features and association with
gleason score

Using propriety extensions in MIM, we created
a radiomics pipeline for extraction of 49 quantitative
imaging features (Table 2). Twenty five features were
first used to characterize the prostate (prostate level
imaging features - light gray, top half of Table). Within
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each prostate 24 imaging features were then used to
characterize each region of interest (biopsy ROI — dark
gray, bottom half of Table 2). Features belonged to one of
the four general categories: (i) volumes; (ii) intensity; (iii)
perfusion; and (iv) diffusion. Each of these parameters was
used in combination to define specific nomenclature for
each unique feature. (For example, NAT.PZ ADC Mean
refers to the mean ADC value in the contour of naturally
appearing tissue (NAT) in the PZ).

Unsupervised clustering of radiomic features
revealed clustering by patient (Figure 3B). When only ROI
features were retained, the samples didn’t show any clear
clustering pattern.

Association of radiomic features and
commercially available prostate cancer classifiers

Genes from three commercially available prostate
cancer prognostic signatures, Polaris Cell Cycle
Progression (CCP), Decipher, and Genomic Prostate
Score (GPS), were assessed for their relationship to the
radiomic features. In Figure 4 we demonstrate significant
associations between quantitative imaging features
and genes associated with adverse outcome. The three
clinically available signatures are prognostic for adverse
prostate cancer outcomes and contain genes that are
over-expressed in aggressive prostate cancers and genes
that are under-expressed in aggressive prostate cancers.
Figure 4 depicts correlations between these genes and
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Figure 3: Hierarchical clustering of Genomic and Radiomic features and patient samples.
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quantitative imaging features. 445 of these correlations
have a significant unadjusted p-value (p<0.05) and 64
correlations have a significant p-value after adjustment
for multiple testing using False Discovery Rate (FDR)
adjustment.

Genes in these signatures that are over-expressed in
aggressive cancers are indicated by a dark red box over
the gene’s column while those that are down-expressed
are indicated with a blue box. Groups of radiomic features
are indicated along the dendrogram on the left: Groupl
(left) connects the radiomic feature with location (TZ, PZ
and ROI) and Group 2 is related to the image modality:
T2w, ADC and DCE-MRI. The primary cluster of the
genes segregates them into genes over-expressed in more
aggressive cancers (left cluster) and under-expressed
in aggressive cancers (left cluster). The over-expressed
cluster is further subdivided into two clusters, where the
right side is enriched for CCP genes (28/31 genes). As
expected the CCP genes are highly positively correlated
to each other and hence have similar relationships with the
radiomic features. Both Decipher and GPS contain genes
that represent the expression patterns found in each of
these three main clusters, capturing signal from the under-
expressed genes, CCP, and other over-expressed genes.

The radiomic features in Figure 4 clusters into
2 main groups. The top group is enriched for TZ and
volumetric features which are mainly positively correlated
to the prostate cancer genes over-expressed in more
aggressive cancers. The bottom cluster contains mainly
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A. Hierarchical clustering on

expression of the Decipher genes and patient samples. Note how biopsies are grouped by Gleason Score. Decipher genes, known to be
highly expressed in more aggressive cancers (marked in dark red) are more highly expressed in higher GS samples and vise versa; B.
Unsupervised clustering of all radiomic features revealed mostly clustering by patient.
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Table 2: Description of imaging features, extracted from various prostate regions utilizing mpMRI. Patient-specific
features are shown in the upper part of the table; radiomic features of the targeted biopsy region are shown below

. . . . . Number of
Prostate Region(s) Imaging Modality Imaging Feature (units) features
(1) Prostate T2w Volume (cc) 3
(2) Peripheral Zone
(3) Transition Zone
- (1) NAT-PZ T2w Mean, StDev, Median 12
& (2) NAT-TZ ADC
[
E 4 (1) NAT-PZ DCE-MRI Kmns(min) 6
& E (2) NAT-TZ k, (min™")
c 3 V(%)
& = Probability Maps: DCE-MRI/ADC Volume (cc) 3
= (1) Low
= (2) Mid
(3) High
Extracapsular T2w Yes vs No 1
Extension
ROI T2w/Ultrasound Volume (cc) 1
5 T2w Mean, Median, StDev, Q5, Q95, 16
& g ADC Integral Skewness, Kurtosis
= DCE-MRI K (min-) 3
o g k,,(min")
2 £ V(%)
o = ROI N ProbMaps: ~ DCE-MRI/ADC Volume (cc) 3
wn S
A= (1) Low
=R (2) Mid
R (3) High
ROI location T2w PZ vs TZ 1

Abbreviations: ADC = Apparent Diffusion Coefficient; TZ = Transition Zone; DCE-MRI = Dynamic Contrast Enhanced
MRI; NAT = Natural Appearing Tissue; mpMRI = multiparametric MRI; PZ = Peripheral Zone; ROI = Region of Interest.

PZ and ROI features. Both the top and bottom clusters
are further subdivided into radiomic features which are
positively and negatively associated with cell cycle
progression genes.

Association of radiomic and genomic data

The relationship between genomic and radiomic
features was further investigated by summarizing the 1.4M
probesets to 22,011 annotated genes, using Affymetrix core
level summaries, and filtering for significant expression by
removing any genes with median expression <0.25 and
Interquartile Range (IQR) <0.5. Pearson’s correlation
distances were applied between the remaining 212
genomic and 49 radiomic features. Two-way hierarchical
clustering of these distances is illustrated as a heatmap in
Figure 5A. Interestingly, 79/212 (37%) of these genes,

marked with black bars along the top of the heatmap, were
prostate cancer related and tended to cluster together. The
two clusters, marked with TZ and PZ, display a degree
of reciprocal trends: of the 212 selected genes, 121 had
a significant positive correlation to radiomic features
related to the PZ and a significant negative correlation to
radiomic features related to the TZ (Supplementary Table
S1). A two-way hierarchical clustering of correlation
distances between radiomic features and only those
genes that are prostate cancer related (annotated as black
bars at the top in Figure 5A) is depicted in Figure 5B.
Notably, one group of genes with very strong negative
correlations (<-0.9, Supplementary Table S2) to radiomic
features were found to be associated with the AR signaling
genes: KLK2, KLK3, HOMER2, BMPRI1B, or belong to
validated prostate cancer classifiers: [4, 14] CHRNA2,
MT1H, DPP4, MYBPCI. Genes with very high positive
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image modality: T2w, ADC and DCE-MRI.
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correlations (> 0.9) to radiomic features were: TRPMS,
DPP4, GCNTI.

Gene ontology (GO) analysis further identified
distinct GO biological processes, associated with prostate
radiomic features (Figure 6). [15, 16] PZ and TZ radiomic
features (highlighted in red), biological processes such
as immune/inflammatory and cell-stress responses
were significantly enriched GO terms (red bar). This
relationship suggests a potential field effect related to
tumor-induced stress responses in the prostate. A series
of metabolic and biosynthetic processes, indicated by
the blue bars, were associated mainly with volumetric
radiomic features, including those of the tumor habitats
(probability maps volumes). Again, these processes
could be activated in response to the growing tumor and
its modulating effect on its microenvironment. Lastly,
several fluid transport (yellow bar) and adhesion (green
bar) processes are associated with the ROI radiomic ADC
features.
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DISCUSSION

Prostate cancer is often multifocal and
heterogeneous, and thus presents a challenge in identifying
regions for biopsy that are most likely to be determinate
of outcome. Herein, we describe a two-step process to
identify regions of prostate cancer most likely to harbor
aggressive disease and, thus, both mitigate the impact
underdiagnosis and reduce the personal and health system
costs of unnecessary prostate biopsies.

Standard transrectal ultrasound (TRUS) guided
prostate biopsies are imprecise with 30% or more of
prostate tumors sampled being isoechoic [17] and
a roughly 50:50 chance of documenting cancer in
hypoechoic lesions [18]. Since the needle biopsy cannot
be directed reliably to a tumor focus, a template systematic
biopsy of the gland is now routinely used, but even in
these settings, the highest grade and/or volume lesions
are often missed. Furthermore, high grade and high
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Figure 6: Enrichment analysis using Database for Annotation, Visualization and Integrated Discovery (DAVID)
identified enrichment of radiomic features for different Gene Ontology (GO) biological processes. Enrichment analysis
was performed for each radiomic feature using the list of significantly expressed genes with a significant correlation to that radiomic
feature. Significantly enriched (p-value < 0.05) biological processes are shown in black. radiomic features with no enriched processes are
not shown. The association between radiomic features and biological processes are denoted with the same color. For example, for PZ and
TZ radiomic features (highlighted in red), biological processes such as immune/inflammatory and cell-stress responses were significantly

enriched GO terms (red bar).
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volume index lesions, even when identified may not be
determinate of outcome [19], suggesting that alternative
strategies are needed. Most recently, mpMRI has emerged
as the best modality to localize cancer within the prostate,
allowing us to sample directly from regions of the prostate
that are most likely to harbor an aggressive tumor. There
is still concern for tumor heterogeneity within a specific
MRI target, and identifying sub-targets within a region of
suspicion on the MRI remains a challenge.

While advances have been made in structuring
the assessment and biopsy of abnormalities in the
prostate using mpMRI via PI-RADS [20], there
remains considerable subjectivity and no incorporation
of quantitative information. We hypothesized that
quantitative imaging characteristics may be applied to
better characterize imaging phenotypes or habitats in the
prostate. We linked radiomic features to existing genomic
and clinical information to improve risk stratification, as
has been previously described by us [10] and others for
different tumor types [11].

Prostate “habitats” were identified using images,
acquired with multiple acquisition parameters assuming
that distinct combinations of these quantitative parameters
represent different physiologies. This approach has
successfully improved outcome prediction in glioblastoma
[21] and sarcoma [22]. In our implementation, habitats
suspicious for malignancy were delineated based on
reduced diffusion and increased perfusion. While intra and
inter-patient reproducibility of DCE-MRI is of concern,
a partial mitigating factor for DCE-MRI use is that all
patients in the study were scanned on the same magnet
with the same sequences and analyzed with the same
algorithm. T2w was not included in the procedure as T2w
information is not strictly orthogonal to DCE-MRI and
DWI information.

The analysis of the Pearson correlations between
genomic and radiomic features confirmed the presence
of strong prostate cancer signal in the radiomic features.
The significant correlations between quantitative
imaging features and the genes in the three clinically
available signatures associated with adverse outcome
confirm the relevance of the radiomics features to
cancer aggressiveness. Interestingly, the Gene Ontology
(GO) analysis revealed that from all radiomics features
of the biopsy region, the ADC values were most highly
associated with distinct biological processes. With increase
of the sample size and the robustness of the analysis, the
developed workflow can be utilized to identify features
with the highest added value for associations with gene
expression and gene ontology.

For radiomic analysis, the normal appearing
regions in the prostate are also considered. The rationale
for this novel use of imaging data, is that the tumor
microenvironment selects for cancers with distinct
phenotypes and that physiologically distinct regions
observed in images reflect underlying pathophysiologies.

For the prostate, stromal epithelial interactions have
been shown to contribute to tumor behavior, [23]
demonstrating the importance of the microenvironment.
On the other hand, the phenomenon of field cancerization
has been observed in prostate cancer on both genomic
and proteomic levels [24]. To the best of our knowledge,
this is the first radiomic study that includes extraction of
imaging features from Normal Appearing Tissue (NAT).
Gene Ontology (GO) analysis revealed that series of GO
biological processes are distinctly associated with PZ and
TZ radiomic features, suggesting that NAT regions may
contribute to tumor phenotype or vice versa. These results
are highly intriguing and warrant further investigation in
larger studies. While some of the covariates on patient
level are linked and raise concerns about oversampling,
in this exploratory analysis we aimed to create a pipeline
for comprehensive analysis of the imaging data of the
prostate. As such, we extracted and retained imaging
characteristics potentially important for the tumor
environment. With an increased number of patients and
biopsy samples, the concern about oversampling will be
diminished.

In conclusion, quantitative features derived from
mpMRI guided biopsies are associated with established
clinical-pathologic characteristics (e.g., Gleason score).
Further, radiomic features were correlated with known
prognostic gene expression patterns in prostate cancer.
The novelty of this application is threefold: (i) integration
of radiomic features from multiple MRI sequences; (ii)
extraction of radiomic features from 3D volumes (rather
than from a single image slice); and (7ii) identification
of radiomic features in normal appearing tissues that are
associated with high risk gene expression profiles. While
encouraging, validation of this approach in a larger dataset
is required to demonstrate significant improvement over
existing clinic-pathological and genomic risk stratification.

MATERIALS AND METHODS

Patients

This retrospective study was HIPAA compliant and
approved by the institutional review board with a waiver
of written informed consent.

Multiparametric MRI of the prostate

T2w MRI provides an excellent depiction of prostate
anatomy with lower signal intensity in prostate cancer.
[25] Diffusion Weighted Imaging (DWI) is sensitive
to water molecule diffusion and the derived Apparent
Diffusion Coefficient (ADC) values are significantly lower
in tumor than in normal prostate due to restricted water
diffusion. The lower the ADC value, the greater the chance
of diagnosing Gleason score (GS) 7 disease [26-28].
Dynamic contrast enhanced (DCE)-MRI has also been
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applied to discriminate normal from malignant prostate
tissues, with earlier and greater enhancement followed by
washout seen in the latter. DCE-MRI measures vascularity
and hence angiogenesis. Both DWI and DCE have a
relatively high sensitivity and specificity for prostate
cancer [26, 29-31]. mpMRI that includes T2-weighted,
T1 non-contrast, DCE-MRI, and DWI sequences results
in higher sensitivity, specificity and accuracy of tumor
localization [32].

mpMRI of the prostate was performed on a
Discovery MR750 3.0T MR scanner (GE Medical
Systems, Milwaukee, WI, USA) with 32-channel phased
array pelvis coil. A typical exam consisted of:

* Axial T2w-MRI of the male pelvis: resolution
1.25%x1.25%2.5 mm; Field of View: 320x320
mm; slice thickness - 2.5 mm (no gap); 72 slices;
repetition time (TR) 10800 ms/echo time (TE) 83
ms; flip angle 120°;

e Axial Tlw gradient echo MR images are
acquired with identical spatial resolution, spacing
and image size as the T2w MR images. Sequence
parameters are: TR/TE 4.1/2.8 ms; flip angle 12°;

« DWI - Single-shot echo-planar imaging is
performed utilizing the diffusion-module and
fat-suppression pulses. Water diffusion in four
directions is measured by using b values of 50,
500, and 1000 s/mm?, TR/TE 9500/53, a parallel
imaging factor of two, 36 sections, 2.5-mm-thick
sections, and an in-plane resolution of 2.5x2.5
mm. ADC maps were automatically calculated
utilizing software onboard the GE MRI console
with use of all three b values;

* DCE-MRI - Prior to contrast material injection,
one set of T1 MRI are acquired as pre-contrast
image set. The rest of the data are acquired
following intravenous bolus injection of a
paramagnetic gadolinium chelate - 0.1 mmol of
gadobenate-glumine (Bracco Diagnostics Inc.,
Princeton, New Jersey) per kilogram of body
weight. The contrast is administered with a power
injector (Spectris, Medrad Inc., Warrendale,
Pennsylvania) at 2 mL/s and followed by a 20-
mL saline flush. Eleven to twelve post-contrast
imaging datasets are collected.

Delineation of regions of interest on mpMRI for
biopsy targets

Regions of Interest (ROIs) based on established
mpMRI analysis criteria and informed by software
showing habitats suspicious for harboring tumor were
contoured in ProFuse (Eigen, Sun Valley, CA) multi-
modality image fusion software. The procedure is
illustrated in Figure 2A. The prostate volume is outlined
(yellow).

mpMRI-ultrasound fused targeted biopsy

MRI/Ultrasound image fusion in Artemis system
(Eigen, CA) is part of the planning process during the
biopsy procedure [33]. A 3D transrectal ultrasound (TRUS)
is acquired just prior to biopsy by reconstructing sweeps
of 2D to 3D. The prostate volume is semiautomatically
segmentated on TRUS and both these volumes are fused
after specification of four or more corresponding points
along the gland boundary. The triangulated gland surfaces
from both modalities are registered using an adaptive
focus deformable model [34]. During biopsy, as the
operator visualizes the real time ultrasound volume on
screen, motion correction runs automatically every few
hundred milliseconds to compensate for any movement
of the prostate after the acquisition of the 3-D volume.
Finally, the original 3-D TRUS volume and warped MRI
volume are both readjusted to correspond with the real
time 2D ultrasound image. Figure 2B shows the results
of co-registration, where MRI targets are visualized on
TRUS. The lesion is targeted using ultrasound monitoring
to ensure the correct depth and course of the needle. The
system computes the needle trajectory, its core position
and depth with a high degree of accuracy (Figure 2C).
Importantly, the XYZ coordinates of the biopsy site are
recorded in 3D for future reference, treatment planning
and monitoring.

Prostate habitats

The concept and practice of defining specific
‘habitats’ from radiological images was relatively
recently introduced and we used the approach to facilitate
applying radiomics to prostate cancer analysis [10]. This
approach requires the combination of co-registered images
from multiple modalities, with each one contributing a
piece of orthogonal information. For this reason, MRI
is a technique of choice because multiple pieces of co-
registered orthogonal data can be generated in a single
exam. For example, DCE-MRI identifies regional
distributions of blood flow, and lack of blood flow. ADC,
measured via diffusion MRI, is a powerful method to
interpolate the density of diffusion barriers (i.e. cells) and
hence provides information that may be biologically, but
not physically, related to DCE-MRI. T2 is sensitive to
microsocopic perturbations in the magnetic field; this is
affected by blood flow and cell density, but in a non-linear
fashion. Hence, T2 information is not strictly orthogonal
to DCE-MRI and ADC and in the current implementation
reduced diffusion and increased perfusion are considered
for delineation of habitats suspicious for malignancy.
The habitats concept was initially introduced to map the
tumor heterogeneity [35]. Tumors can be described as
complete ecosystems, containing cancer cells, stromal
cells, vasculature, structural proteins, signaling proteins
and physical factors such as pH and oxygen [36]. In this
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work, we extend the use of habitat’s concept to the entire
prostate as an important component of tumor environment,
including ‘normal’ appearing tissues in the PZ and TZ.

First, the prostate, PZ and urethra were manually
contoured in 3D in MIM software (Supplementary
Figure S3A). Contrast-vs-time curves were extracted
from all pixels in the prostate volume and unsupervised
pattern recognition approach decomposes the data as a
product of several temporal patterns and their relative
contribution, amplitude in each pixel [37]. Let A be the
amplitude of the ‘tumor’ pattern, which is associated
with the well perfused temporal pattern (rapid wash in
and gradual wash out of the contrast). Thresholds for
areas of high, mid and low risk for aggressive tumor are
estimated as mean(A)+k*stdev(A), where k=2, 1.5 and
1. The tresholded maps of A are overlaid in pink (high
risk); green-yellow (mid) and blue (low) on the earliest
enhancing image in the DCE-MRI (Supplementary Figure
S3B). Similarly, the ADC map was thresholded at 800,
1000 and 1200 pm?/s based on literature and empirical
observations in our group [38-43]. The tresholded maps
are overlaid on the ADC map in pink (high risk); green-
yellow (mid) and blue (low) (Supplementary Figure S3C).
Finally, the areas of intersections between perfusion and
diffusion were considered the volumes of high, mid and
low probability for high risk cancer (Supplementary
Figure S3D). ROI, NAT PZ and NAT TZ are presented
in red, green and orange in Supplementary Figure S3E.

Extraction of radiomic features

The summary of radiomic features is presented in
Table 2. A total of 49 features were computed for these
volumes of interest. The volumes of prostate, PZ, TZ
and ROI were estimated in MIM (n=4) (Supplementary
Figure S3A, S3D). Mean, median and stdev of the
intensities of T2w and ADC in NAT PZ, NAT TZ and
ROI were calculated (n=18). In addition, for the ROI,
the top and bottom 5 percentile (Q5 and Q95), skewness,
kurtosis and integral were recorded for both T2w and
ADC (n=10). The ‘extended Tofts model’ [44, 45] was
applied to the averaged DCE-MRI curves within NAT
PZ, NAT TZ and ROI. Using synthetic Parker fixed
population average Arterial Input Function (AIF) [46]
we have shown that a valid compartmental modeling can
be carried out even at the lower temporal resolution of
the data [47]. Three features from the pharmacokinetic
analysis (K™ — Volume transfer constant between plasma
and Extracellular Extravascular Space (EES), kep — Rate
constant between EES and plasma and v, — the fraction
of the EEC) were estimated for NAT PZ, NAT TZ and
ROI (n=9). The volumes of the probability maps and their
intersections with ROI were also included (n = 6). Two
semantic features were also included in the analysis: extra
capsular extension and location of the lesion (n=2). Further
we investigated the radiomics features for redundancy. In
Supplementary Figure S4 the auto-correlation matrix of the

49 features is presented as a heat-map. Mean and medians
of intensities were highly correlated as well as volumes of
the prostate, peripheral zone and transition zone. Overall,
there were less than 4% of pairs (46/1176 comparisons)
of significantly correlated imaging features (p-value
(Holm's p-value adjustment) cutoff of 0.05). As the goal
of this exploratory analysis was to create a pipeline for
comprehensive analysis of the imaging data of the prostate
and in view of the small number of redundant pairs, we
retained all radiomics features for subsequent analysis.

RNA extraction and microarray hybridization

From the original study (n = 19), RNA was available
for microarray from 17 biopsies (6 unique patients). As
previously described [4, 48], after histopathological re-
review by an expert genitourinary pathologist, tumor was
macrodissected from surrounding stroma from 3—4 10 pm
tissue sections from a region with maximum tumor content
for total RNA extraction.

RNA extraction and microarray hybridization
was performed using clinical-grade techniques in a
Clinical Laboratory Improvement Amendments (CLIA)-
certified laboratory facility (GenomeDx Biosciences,
San Diego, CA, USA). CLIA certification was obtained
through the Centers for Medicare and Medicaid Services
through standard procedures, and laboratory facilities
satisfied all criteria required for certification. Total RNA
was subjected to amplification using the WT-Ovation
Formalin Fixed Paraffin Embedded (FFPE) v2 kit
together with the Exon Module (NuGen, San Carlos,
CA) according to the manufacturer’s recommendations
with minor modifications. Amplified products were
fragmented and labeled using the Encore Biotin Module
(NuGen, San Carlos, CA) and hybridized to Human
Exon 1.0 ST GeneChips (Affymetrix, Santa Clara, CA)
following manufacturer’s recommendations. Human
Exon GeneChips profile coding and non-coding regions
of the transcriptome using approximately 1.4 million
probe selection regions (PSRs), hereinafter referred to
as features. All of the samples with available tissue and
RNA, passed initial quality control. Quality control for
microarray data was performed with Affymetrix Power
Tools packages [49] and with internally developed metrics
including percent present- the percentage of probes
detected above the limit of detection [50]. The positive
versus negative area under the curve (AUC) was used
as an additional metric to assess microarray quality by
measuring the signal between positive control probes,
which measure the expression of housekeeping genes,
and negative control probes, which measure anti-genomic
sequences and hence should exhibit background intensity
levels. The percent present observed in these biopsy
samples was higher than the typical range seen in FFPE
radical prostatectomy samples. The Human Exon 1.0 ST
array data have been deposited in the Gene Expression
Omnibus database under accession number GSE80683.
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Microarray normalization, removal of unreliable
features and batch effect correction

Feature summarization and normalization were
performed using the Single Channel Array Normalization
(SCAN) algorithm, which normalizes each sample
individually by modeling and removing probe- and
array-specific background noise [51]. To calculate gene
expression, we used Affymetrix Core level summaries
for annotated genes. In order to remove known batch
effects in the microarray data, the ComBat method from
the sva package (sva_3.8.0) was used [52]. Features were
further filtered for significant expression by removing any
features with median expression < 0.25 and Interquartile
Range (IQR) < 0.5.

Radiogenomic analysis

In order to uncover the relationship between genomic
features and radiomic features, Pearson’s correlation
distances between radiomic features and genomic features
with significant expression were computed. The number
of significant positive and negative correlations was
determined using an FDR adjusted p-value cut-off of 0.05.
To assess the correlation between radiomic features and
existing clinical and genomic risk stratification biomarkers
the features from three clinically available signatures were
used. For visualization of the results, heatmaps were
generated using two-way hierarchical clustering on the
distances.

Sample clustering analysis was performed to
evaluate clustering patterns of samples and patients.
Hierarchical clustering was performed on Pearson
correlation distances of all significantly expressed genes.

Gene Ontology enrichment analysis was
performed using The Database for Annotation,
Visualization and Integrated Discovery (DAVID)

v6.7 along with RDAVIDWebServices R package
(RDAVIDWebService 1.6.0) to identify biological
processes that are associated with radiomic features. Genes
that were significantly correlated (p-value < 0.05) with each
radiomic feature were analyzed in DAVID and biological
processes that were significantly enriched (p-value < 0.05)
for each radiomic feature were identified.

ACKNOWLEDGMENTS

The authors would like to thank Kasra Yousefi for
assistance with statistical methods for the revision of the
manuscript.

CONFLICTS OF INTEREST

M.T.,, LL.C.L, MA., C.B., HA.A.,, N.E., and
E.D. are currently and were employees of GenomeDx
Biosciences during the execution of the study.

FUNDING

National Institutes of Health, ROICA189295 and
ROICA190105.

Author Contributions

R.S.,A.P,R.G,, E.D., N.E., and A.I. conceived the
study; R.S., A.P,, E.D., and N.E. designed the experiments;
RS, MT,CL.,NP,LLCL,MA, CB.,R.C.,6 MJ,
H.A.A., ON.K.,, and N.E. performed the experiments;
AP, S.P., D.J.P, and M.A. provided clinical assessment
of the patients; R.S., A.P., M.T., E.D., and N.E. analyzed
the data; R.S., A.P., M.T., S.P.,, D.J.P, R.G., E.D., N.E., and
A L wrote the paper. All authors reviewed the manuscript
for intellectual content and approved the final version.

REFERENCES

1. D’Amico AV, Moul J, Carroll PR, Sun L, Lubeck D, Chen
MH. Cancer-specific mortality after surgery or radiation for
patients with clinically localized prostate cancer managed
during the prostate-specific antigen era. J Clin Oncol. 2003;
21:2163-2172. doi: 10.1200/JC0O.2003.01.075.

2. Carroll PR, Parsons JK, Andriole G, Bahnson RR, Barocas
DA, Catalona WJ, Dahl DM, Davis JW, Epstein JI, Etzioni
RB, Giri VN, Hemstreet GP, 3rd, Kawachi MH et al.
Prostate cancer early detection, version 1.2014. Featured
updates to the NCCN Guidelines. Journal of the National
Comprehensive Cancer Network. 2014; 12: 1211-1219;
quiz 1219.

3. Klotz L, Zhang L, Lam A, Nam R, Mamedov A, Loblaw
A. Clinical results of long-term follow-up of a large, active
surveillance cohort with localized prostate cancer. J Clin
Oncol. 2010; 28: 126-131. doi: JCO.2009.24.2180.

4. Erho N, Crisan A, Vergara IA, Mitra AP, Ghadessi M,
Buerki C, Bergstralh EJ, Kollmeyer T, Fink S, Haddad
Z, Zimmermann B, Sierocinski T, Ballman KV et al.
Discovery and validation of a prostate cancer genomic
classifier that predicts early metastasis following radical
prostatectomy. PloS one. 2013; 8: ¢66855. doi: 10.1371/
journal.pone.0066855.

5. Den RB, Feng FY, Showalter TN, Mishra MV, Trabulsi
EJ, Lallas CD, Gomella LG, Kelly WK, Birbe RC, McCue
PA, Ghadessi M, Yousefi K, Davicioni E et al. Genomic
prostate cancer classifier predicts biochemical failure and
metastases in patients after postoperative radiation therapy.
International journal of radiation oncology, biology, physics.
2014; 89: 1038-1046. doi: 10.1016/j.ijrobp.2014.04.052.

6. Den RB, Yousefi K, Trabulsi EJ, Abdollah F, Choeurng V,
Feng FY, Dicker AP, Lallas CD, Gomella LG, Davicioni E,
Karnes RJ. Genomic classifier identifies men with adverse
pathology after radical prostatectomy who benefit from
adjuvant radiation therapy. J Clin Oncol. 2015; 33: 944-951.
doi: 10.1200/JC0O.2014.59.0026.

www.impactjournals.com/oncotarget

53373

Oncotarget



11.

12.

14.

15.

Klein EA, Yousefi K, Haddad Z, Choeurng V, Buerki
C, Stephenson AJ, Li J, Kattan MW, Magi-Galluzzi C,
Davicioni E. A Genomic Classifier Improves Prediction of
Metastatic Disease Within 5 Years After Surgery in Node-
negative High-risk Prostate Cancer Patients Managed
by Radical Prostatectomy Without Adjuvant Therapy.
European urology. 2015; 67: 778-786. doi: 10.1016/].
eururo.2014.10.036.

Cuzick J, Berney DM, Fisher G, Mesher D, Moller H,
Reid JE, Perry M, Park J, Younus A, Gutin A, Foster CS,
Scardino P, Lanchbury JS et al. Prognostic value of a cell
cycle progression signature for prostate cancer death in a
conservatively managed needle biopsy cohort. British journal
of cancer. 2012; 106: 1095-1099. doi: 10.1038/bjc.2012.39.
Klein EA, Cooperberg MR, Magi-Galluzzi C, Simko JP,
Falzarano SM, Maddala T, Chan JM, Li J, Cowan JE, Tsiatis
AC, Cherbavaz DB, Pelham RJ, Tenggara-Hunter I et al.
A 17-gene assay to predict prostate cancer aggressiveness
in the context of Gleason grade heterogeneity, tumor
multifocality, and biopsy undersampling. European urology.
2014; 66: 550-560. doi: 10.1016/j.eururo.2014.05.004.

. Gatenby RA, Grove O, Gillies RJ. Quantitative imaging in

cancer evolution and ecology. Radiology. 2013; 269: 8-15.
doi: 10.1148/radiol.13122697.

Aerts HJ, Velazquez ER, Leijenaar RT, Parmar C,
Grossmann P, Cavalho S, Bussink J, Monshouwer R, Haibe-
Kains B, Rietveld D, Hoebers F, Rietbergen MM, Leemans
CR et al. Decoding tumour phenotype by noninvasive
imaging using a quantitative radiomics approach. Nature
communications. 2014; 5: 4006. doi: 10.1038/ncomms5006.

Asselin MC, O’Connor JP, Boellaard R, Thacker NA,
Jackson A. Quantifying heterogeneity in human tumours
using MRI and PET. European journal of cancer. 2012; 48:
447-455. doi: 10.1016/j.ejca.2011.12.025.

Karnes RJ, Bergstralh EJ, Davicioni E, Ghadessi M,
Buerki C, Mitra AP, Crisan A, Erho N, Vergara 1A, Lam
LL, Carlson R, Thompson DJ, Haddad Z et al. Validation
of a Genomic Classifier That Predicts Metastasis Following
Radical Prostatectomy in an At Risk Patient Population. The
Journal of urology. 2013: doi: 10.1016/.juro.2013.06.017.

Penney KL, Sinnott JA, Fall K, Pawitan Y, Hoshida Y, Kraft
P, Stark JR, Fiorentino M, Perner S, Finn S, Calza S, Flavin
R, Freedman ML et al. mRNA expression signature of
Gleason grade predicts lethal prostate cancer. J Clin Oncol.
2011;29: 2391-2396. doi: 10.1200/JC0O.2010.32.6421.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H,
Cherry JM, Davis AP, Dolinski K, Dwight SS, Eppig JT,
Harris MA, Hill DP, Issel-Tarver L et al. Gene ontology:
tool for the unification of biology. The Gene Ontology
Consortium. Nature genetics. 2000; 25: 25-29. doi:
10.1038/75556.

Shinohara K, Wheeler TM, Scardino PT. The appearance of
prostate cancer on transrectal ultrasonography: correlation
of imaging and pathological examinations. The Journal of
urology. 1989; 142: 76-82.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Gosselaar C, Roobol MJ, Roemeling S, Wolters T, van
Leenders GJ, Schroder FH. The value of an additional
hypoechoic lesion-directed biopsy core for detecting
prostate cancer. BJU international. 2008; 101: 685-690. doi:
10.1111/.1464-410X.2007.07309.x.

Haffner MC, Mosbruger T, Esopi DM, Fedor H, Heaphy
CM, Walker DA, Adejola N, Gurel M, Hicks J, Meeker
AK, Halushka MK, Simons JW, Isaacs WB et al. Tracking
the clonal origin of lethal prostate cancer. The Journal of
clinical investigation. 2013; 123: 4918-4922. doi: 10.1172/
JCI70354.

Barentsz JO, Richenberg J, Clements R, Choyke P, Verma
S, Villeirs G, Rouviere O, Logager V, Futterer JJ, European
Society of Urogenital R. ESUR prostate MR guidelines
2012. European radiology. 2012; 22: 746-757. doi: 10.1007/
s00330-011-2377-y.

Zhou M, Hall L, Goldgof D, Russo R, Balagurunathan Y,
Gillies R, Gatenby R. Radiologically defined ecological
dynamics and clinical outcomes in glioblastoma multiforme:
preliminary results. Transl Oncol. 2014; 7: 5-13.

Farhidzadeh H, Chaudhury B, Zhou M, Goldgof DB, Hall LO,
Gatenby RA, gillies RJ, Raghavan M. Prediction of Treatment
Outcome in Soft TIssue Sarcoma Based on Radioligically
Defined Habitats. Proc SPIE. 2015; 9414: 15-18.

Webber JP, Spary LK, Mason MD, Tabi Z, Brewis IA,
Clayton A. Prostate stromal cell proteomics analysis
discriminates normal from tumour reactive stromal
phenotypes. Oncotarget. 2016; 7: 20124-39. doi: 10.18632/
oncotarget.7716.

Vaananen RM, Lilja H, Kauko L, Helo P, Kekki H,
Cronin AM, Vickers AJ, Nurmi M, Alanen K, Bjartell A,
Pettersson K. Cancer-associated changes in the expression
of TMPRSS2-ERG, PCA3, and SPINKI1 in histologically
benign tissue from cancerous Vs noncancerous
prostatectomy specimens. Urology. 2014; 83: 511 e511-517.

doi: 10.1016/j.urology.2013.11.005.

Hegde JV, Mulkern RV, Panych LP, Fennessy FM, Fedorov
A, Maier SE, Tempany CM. Multiparametric MRI of
prostate cancer: an update on state-of-the-art techniques
and their performance in detecting and localizing prostate
cancer. Journal of magnetic resonance imaging. 2013; 37:
1035-1054. doi: 10.1002/jmri.23860.

Vargas HA, Akin O, Franiel T, Mazaheri Y, Zheng J,
Moskowitz C, Udo K, Eastham J, Hricak H. Diffusion-
weighted endorectal MR imaging at 3 T for prostate
cancer: tumor detection and assessment of aggressiveness.
Radiology. 2011; 259: 775-784. doi: 10.1148/
radiol.11102066.

Somford DM, Hoeks CM, Hulsbergen-van de Kaa CA,
Hambrock T, Futterer JJ, Witjes JA, Bangma CH, Vergunst
H, Smits GA, Oddens JR, van Oort IM, Barentsz JO, Group
M-PC. Evaluation of diffusion-weighted MR imaging at
inclusion in an active surveillance protocol for low-risk
prostate cancer. Invest Radiol. 2013; 48: 152-157. doi:
10.1097/RLI1.0b013e31827b711e.

WWw

.impactjournals.com/oncotarget

53374

Oncotarget



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Peng Y, Jiang Y, Yang C, Brown JB, Antic T, Sethi I,
Schmid-Tannwald C, Giger ML, Eggener SE, Oto A.
Quantitative analysis of multiparametric prostate MR
images: differentiation between prostate cancer and normal
tissue and correlation with Gleason score--a computer-aided
diagnosis development study. Radiology. 2013; 267: 787-
796. doi: 10.1148/radiol.13121454.

Mazaheri Y, Shukla-Dave A, Hricak H, Fine SW, Zhang
J, Inurrigarro G, Moskowitz CS, Ishill NM, Reuter VE,
Touijer K, Zakian KL, Koutcher JA. Prostate cancer:
identification with combined diffusion-weighted MR
imaging and 3D 1H MR spectroscopic imaging--correlation
with pathologic findings. Radiology. 2008; 246: 480-488.
doi: 10.1148/radiol.2462070368.

Schmuecking M, Boltze C, Geyer H, Salz H, Schilling
B, Wendt TG, Kloetzer KH, Marx C. Dynamic MRI and
CAD vs. choline MRS: where is the detection level for a
lesion characterisation in prostate cancer? International
journal of radiation biology. 2009; 85: 814-824. doi:
10.1080/09553000903090027.

Isebaert S, Van den Bergh L, Haustermans K, Joniau S,
Lerut E, De Wever L, De Keyzer F, Budiharto T, Slagmolen
P, Van Poppel H, Oyen R. Multiparametric MRI for
prostate cancer localization in correlation to whole-mount
histopathology. Journal of magnetic resonance imaging.
2013; 37: 1392-1401. doi: 10.1002/jmri.23938.

Sciarra A, Barentsz J, Bjartell A, Eastham J, Hricak H,
Panebianco V, Witjes JA. Advances in magnetic resonance
imaging: how they are changing the management of
prostate cancer. European urology. 2011; 59: 962-977. doi:
10.1016/j.eururo.2011.02.034.

Narayanan R, Kurhanewicz J, Shinohara K, Crawford ED,
Simoneau A, and Suri JS. Mri-Ultrasound Registration
for Targeted Prostate Biopsy. 2009 Ieee International
Symposium on Biomedical Imaging: From Nano to Macro,
Vols 1 and 2. 2009: 991-994 1405.

Ladak HM, Mao F, Wang YQ, Downey DB, Steinman
DA, Fenster A. Prostate boundary segmentation from 2D
ultrasound images. Medical Physics. 2000; 27: 1777-1788.

Shen DG, Herskovits EH, and Davatzikos C. An adaptive-
focus statistical shape model for segmentation and shape
modeling of 3-D brain structures. leee Transactions on
Medical Imaging. 2001; 20: 257-270.

Gerlinger M, Rowan AJ, Horswell S, Larkin I,
Endesfelder D, Gronroos E, Martinez P, Matthews N,
Stewart A, Tarpey P, Varela I, Phillimore B, Begum S
et al. Intratumor heterogeneity and branched evolution
revealed by multiregion sequencing. The New England
journal of medicine. 2012; 366: 883-892. doi: 10.1056/
NEJMoal113205.

Gillies RJ, Gatenby RA. Hypoxia and adaptive landscapes in
the evolution of carcinogenesis. Cancer metastasis reviews.
2007; 26: 311-317. doi: 10.1007/s10555-007-9065-z.

Stoyanova R, Huang K, Sandler K, Cho H, Carlin S,
Zanzonico PB, Koutcher JA, and Ackerstaff E. Mapping

38.

39.

40.

41.

42.

43.

44,

45.

46.

Tumor Hypoxia In Vivo Using Pattern Recognition of
Dynamic Contrast-enhanced MRI Data. Translational
oncology. 2012; 5: 437-447.

Somford DM, Hambrock T, Hulsbergen-van de Kaa CA,
Futterer JJ, van Oort IM, van Basten JP, Karthaus HF,
Witjes JA, Barentsz JO. Initial experience with identifying
high-grade prostate cancer using diffusion-weighted MR
imaging (DWI) in patients with a Gleason score </=3 +
3 = 6 upon schematic TRUS-guided biopsy: a radical
prostatectomy correlated series. Invest Radiol. 2012; 47:
153-158. doi: 10.1097/RLI.Ob013e31823ealf0.

Litjens GJ, Hambrock T, Hulsbergen-van de Kaa C,
Barentsz JO, Huisman HJ. Interpatient variation in normal
peripheral zone apparent diffusion coefficient: effect on the
prediction of prostate cancer aggressiveness. Radiology.
2012; 265: 260-266. doi: 10.1148/radiol.12112374.

Hoeks CM, Vos EK, Bomers JG, Barentsz JO,
Hulsbergen-van de Kaa CA, Scheenen TW. Diffusion-
weighted magnetic resonance imaging in the prostate
transition zone: histopathological
magnetic  resonance-guided  biopsy  specimens.
Investigative radiology. 2013; 48: 693-701. doi: 10.1097/

RLI.Ob013e31828ecaf9.

Hambrock T, Somford DM, Huisman HJ, van Oort IM,
Witjes JA, Hulsbergen-van de Kaa CA, Scheenen T,
Barentsz JO. Relationship between Apparent Diffusion
Coefficients at 3.0-T MR Imaging and Gleason Grade in
Peripheral Zone Prostate Cancer. Radiology. 2011; doi:
10.1148/radiol.091409.

Hambrock T, Hoeks C, Hulsbergen-van de Kaa C, Scheenen
T, Futterer J, Bouwense S, van Oort I, Schroder F, Huisman

validation using

H, Barentsz J. Prospective assessment of prostate cancer
aggressiveness using 3-T diffusion-weighted magnetic
resonance imaging-guided biopsies versus a systematic
10-core transrectal ultrasound prostate biopsy cohort.
European urology. 2012; 61: 177-184. doi: 10.1016/j.
eururo.2011.08.042.

Bittencourt LK, Barentsz JO, de Miranda LC, Gasparetto
EL. Prostate MRI: diffusion-weighted imaging at 1.5T
correlates better with prostatectomy Gleason Grades
than TRUS-guided biopsies in peripheral zone tumours.
European radiology. 2012; 22: 468-475. doi: 10.1007/
s00330-011-2269-1.

Tofts PS. Modeling tracer kinetics in dynamic Gd-DTPA
MR imaging. Journal of magnetic resonance imaging. 1997;
7:91-101.

Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E,
Knopp MV, Larsson HB, Lee TY, Mayr NA, Parker GJ, Port
RE, Taylor J, Weisskoff RM. Estimating kinetic parameters
from dynamic contrast-enhanced T(1)-weighted MRI of a
diffusable tracer: standardized quantities and symbols. J
Magn Reson Imaging. 1999; 10: 223-232.

Parker GJ, Roberts C, Macdonald A, Buonaccorsi GA,
Cheung S, Buckley DL, Jackson A, Watson Y, Davies K,
Jayson GC. Experimentally-derived functional form for a

WWw

.impactjournals.com/oncotarget

53375

Oncotarget



47.

48.

population-averaged high-temporal-resolution arterial input
function for dynamic contrast-enhanced MRI. Magnetic
resonance in medicine. 2006; 56: 993-1000. doi: 10.1002/
mrm.21066.

Tofts PS, Stoyanova R: Modelling slow DCE data from
prostate: rate constant (kep) and Extracellular Extravascular
Space (EES: ve) both distinguish hypoxic regions in the
tumour. In: European Society for Magnetic Resonance
in Medicine and Biology (ESMRMB) Congress: 2011;
Leipzig; 2011.

Nakagawa T, Kollmeyer TM, Morlan BW, Anderson SK,
Bergstralh EJ, Davis BJ, Asmann YW, Klee GG, Ballman
KV, Jenkins RB. A tissue biomarker panel predicting
systemic progression after PSA recurrence post-definitive
prostate cancer therapy. PloS one. 2008; 3: ¢2318. doi:
10.1371/journal.pone.0002318.

49.

50.

51.

52.

Lockstone HE. Exon array data analysis using Affymetrix
power tools and R statistical software. Briefings in
bioinformatics. 2011; 12: 634-644. doi: 10.1093/bib/bbq086
Okoniewski MJ, Crispin J Miller: Comprehensive Analysis
of Affymetrix Exon Arrays Using BioConductor. In: PLoS
Computational Biology 42 edn. Edited by Lewitter F: PMC;
2008.

Piccolo SR, Sun Y, Campbell JD, Lenburg ME, Bild AH,
Johnson WE. A single-sample microarray normalization
method to facilitate personalized-medicine workflows.
Genomics. 2012; 100: 337-344. doi: 10.1016/.
ygeno.2012.08.003.

Johnson WE, Li C, Rabinovic A. Adjusting batch effects in
microarray expression data using empirical Bayes methods.
Biostatistics. 2007; 8: 118-127. doi: 10.1093/biostatistics/
kxj037.

www.impactjournals.com/oncotarget

53376

Oncotarget



