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Abstract

Purpose—To retrospectively assess the utility of whole-lesion apparent diffusion coefficient
(ADC) metrics in characterizing the Gleason 4 component of Gleason 7 prostate cancer (PCa) at
radical prostatectomy.

Materials and Methods—Seventy patients underwent phased-array coil 3T-magnetic
resonance imaging (MRI) before prostatectomy. A uropathologist mapped locations and Gleason 4
percentage (G4%) of Gleason 7 tumors. Two radiologists independently reviewed ADC maps,
aware of tumor locations but not G4%, and placed a volume-of-interest (VOI) on all slices
including each lesion on the ADC map to obtain whole-lesion mean ADC and ADC entropy.
Entropy reflects textural variation and increases with greater macroscopic heterogeneity.
Performance for characterizing Gleason 7 tumors was assessed with mixed-model analysis of
variance (ANOVA) and logistic regression.

Results—Among 84 Gleason 7 tumors (G4% 5%-85%, median 30%; 59 Gleason 3+4, 25
Gleason 4+3), ADC entropy was significantly higher in Gleason 4+3 than Gleason 3+4 tumors
(R1:5.27 £ 0.61 vs. 4.62 + 0.78, P =0.001; R2: 5.91 + 0.32 vs. 5.57 = 0.56, P =0.004); mean ADC
was not significantly different between these groups (R1: 0.90 + 0.15*1073cm?/s vs. 0.98 + 0.21
*1073cm?/s, P =0.075; R2: 1.06 + 0.19*1073cm?/s vs. 1.14 + 0.16*10~3cm?/s, P =0.083). The area
under the receiver operating characteristic (ROC) curve (AUC) for differentiating groups was
significantly higher with ADC entropy than mean ADC for one observer (R1: 0.74 vs. 0.57, P
=0.027; R2: 0.69 vs. 0.61, P =0.329). For R1, correlation with G4% was moderate for ADC
entropy (r =0.45) and weak for mean ADC (r =-0.25). For R2, correlation with G4% was
moderate for ADC entropy (r =0.41) and mean ADC (r =—0.32). For both readers, ADC entropy
(P =0.028-0.003), but not mean ADC (P =0.384-0.854), was a significant independent predictor
of G4%.

"Address reprint requests to: A.B.R., Department of Radiology, Center for Biomedical Imaging, NYU Langone Medical Center, 660
First Ave., 3rd Floor, New York, NY 10016. Andrew.Rosenkrantz@nyumc.org.
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Conclusion—Whole-lesion ADC entropy outperformed mean ADC in characterizing Gleason 7
tumors and may help refine prognosis for this heterogeneous PCa subset.
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ALTHOUGH MOST CASES of prostate cancer have excellent prognosis, with little
likelihood of causing symptoms or mortality, a fraction of patients harbor aggressive, lethal
tumors (1). This heterogeneity in outcomes, combined with suboptimal means of
establishing prognosis in individual patients and a widening array of treatment options,
creates challenges for clinical management (2—4). Prostate cancer cases with a Gleason score
of 7 represent a particular subset of prostate cancer diagnoses for which more precise
prognostic tools would be of distinct value (5). Gleason 7 prostate cancer has been described
as very common in numerous large series, and has been shown to be a separate group from
lower and higher Gleason score tumors in terms of biologic features and clinical outcomes
(2,6,7). While it is currently accepted that criteria for active surveillance eligibility should
include Gleason score 6 tumors and exclude tumors with Gleason score =8 tumors, the
optimal management and suitability for active surveillance of Gleason 7 tumors remains
controversial (8,9).

The challenge in establishing optimal management of Gleason 7 prostate cancer is in part
attributable to the heterogeneity of outcomes among this group. In particular, extensive data
have established worse outcomes after radical prostatectomy in patents having Gleason 4+3
tumors compared with those having Gleason 3+4 tumor, including higher rates of lymph
node metastases (10), postoperative biochemical recurrences (BCR) (6,7,11,12), and
subsequent metastases and death (12,13). More recently, data have shown that rather than
stratifying Gleason 7 tumors in a binary categorical fashion as Gleason 3+4 vs. Gleason 4+3,
greater discriminatory power can be achieved by considering the percentage of 4 in a
continuous pattern (14). For instance, several studies have shown the percentage of Gleason
4 component (G4%) to be associated with BCR (15-18), outperforming more traditional
Gleason scoring as a prognostic marker in multivariate analysis (16,18). One such study
demonstrated an almost linear increase in BCR for each 10% increase in presence of the
higher-grade component (16). Another more recent report supported routine quantification
of G4% in a continuous fashion by pathologists in reporting of both biopsy and
prostatectomy specimens (14). Thus, the quantitative Gleason 4 component is likely to
receive increasing attention as paradigms for prostate cancer management continue to
evolve.

Multiparametric magnetic resonance imaging (MRI) has become a commonly used tool for
guiding prognosis and treatment selection for prostate cancer (19). Of note, the apparent
diffusion coefficient (ADC), a quantitative measure obtained from diffusion-weighted
imaging (DWI), has shown a significant inverse correlation with Gleason scores from
prostatectomy specimens (20,21). There is also evidence that tumor ADC is a more accurate
predictor of high-risk disease at radical prostatectomy than is the biopsy-based Gleason
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score (22,23). Thus, ADC may become an accepted imaging biomarker that can greatly
assist optimization of treatment selection.

While numerous studies have assessed correlations between ADC values and Gleason score,
the existing studies have focused on differentiation of the standard summation Gleason
scores (ie, categories 6 through 10) (20,21,24-26). There are minimal data investigating the
utility of ADC values for differentiating Gleason 3+4 from Gleason 4+3 tumors (20,24), and
no data correlating ADC with G4% among Gleason 7 tumors. This differentiation may be
challenging given that the Gleason 4 component, which may comprise from 5% to 95% of
the tumor, can be located anywhere within the tumor volume, and that ADC values are
traditionally measured as an average value within a single-slice region-of-interest (ROI)
(27). On the other hand, studies in other tissues have demonstrated the role of measuring
ADC using a whole-lesion volume-based approach that not only provides a more complete
representation of the entire tumor, but also facilitates computation of more advanced metrics
reflecting overall lesion texture and heterogeneity (28,29). This volumetric approach to
ADC quantification has shown value in studies in the brain (30,31), liver (27), and female
pelvis (28,29), and may also have potential for improving the performance of ADC
assessment in prostate cancer. Thus, given the importance of stratification of Gleason 7
tumors for guiding management of this large, albeit heterogeneous, population, the aim of
this study was to assess the utility of whole-lesion ADC metrics in characterizing the
Gleason 4 component within Gleason 7 prostate cancer at radical prostatectomy.

MATERIALS AND METHODS

Patients

This retrospective study was Health Insurance Portability and Accountability Act (HIPAA)-
compliant and approved by our Institutional Review Board with a waiver of written
informed consent. We searched an institutional database for all patients who underwent
radical prostatectomy between January 1, 2012, and December 31, 2012, identifying ~165
cases. Of these, we identified 80 cases for whom the pathology report from the radical
prostatectomy specimen indicated the presence of Gleason 7 cancer. Of these, 10 patients
were then excluded for the following reasons: no preoperative prostate MRI at our
institution (n =1); preoperative MRI at our institution performed at 1.5T (n =5); additional
treatment for prostate cancer before surgery (n =1); pathologic slides from prostatectomy
were unavailable for further detailed review for purposes of this study (n =2); and technical
error in accessing the MR image files (n =1). These exclusions left a final included cohort of
70 patients (mean age 62 + 8 years, range 46—79 years) with a mean prostate-specific
antigen of 7.6 £ 6.9 ng/mL (range 1.2-45.0 ng/mL). The MRI was obtained in these 70 men
for the following reasons: prior prostate biopsy positive for cancer (n =56), prior negative
prostate biopsy with persistent clinical suspicion for prostate cancer (n =3), and biopsy-naive
patient with clinical suspicion for prostate cancer (n =11). The mean delay between MRI and
radical prostatectomy was 40 = 44 days (range 2-268 days).
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Patients underwent MRI using a 3T whole-body system (Magnetom Trio; Siemens
Healthcare; Erlangen, Germany) and a pelvic phased-array coil. Sequences of the prostate
and seminal vesicles included axial turbo spin-echo (TSE) T2-weighted imaging (T2WI)
(TR/TE 4960/105 msec; field of view [FOV] 180 x 180 mm; matrix 256 x 256; slice
thickness 3 mm; no interslice gap; parallel imaging factor of 2; 3 signal averages) and axial
single-shot echo-planar imaging (EPI) DWI (TR/TE 4100/86 msec; FOV 200 x 200 msec;
matrix 100 x 100 msec; slice thickness 3 mml no interslice gap; parallel imaging factor 2; 10
signal averages) with tri-directional motion-probing gradients (b-values of 50 and 1000
s/mm?2) and in-line reconstruction of ADC maps using a standard mono-exponential
approach. Additional coronal and sagittal TSE T2WI, axial T1-weighted images, and
dynamic contrast-enhanced images were obtained, but not evaluated as part of this study.

Reference Standard

The prostatectomy specimens were fixed overnight in formalin and then submitted in their
entirety with standard step-section processing at 3—4 mm intervals. A single uropathologist
(F.D., with 8 years of experience) reviewed the histologic slides and identified all foci of
tumor with a Gleason score of 7. Regions of Gleason score 7 cancer within a distance of 5
mm were considered to represent portions of a single tumor focus. The pathologist manually
depicted on a standardized map of the prostate the location and approximate boundaries of
all identified Gleason 7 tumors. In addition, the pathologist recorded in a separate
spreadsheet the G4% within each Gleason 7 tumor, based on visual assessment. G4% was
reported within multiples of 5% and could therefore range from 5%-95%. Note that at our
institution, tumors with G4% of under 5% are classified as having a Gleason score of 6 with
a tertiary Gleason 4 component and would thus be excluded from this study (32).

Image Analysis

Two fellowship-trained abdominal radiologists (A.R. and M.T., with 5 and 1 years of
experience, respectively) independently reviewed images using in-house developed software
(FireVoxel; https://files.nyu.edu/hr18/public/projects.html) that allows placement of 3D
volumes-of-interest (VOIs) incorporating voxels across multiple slices. The axial T2WI and
ADC maps were viewed concurrently in a single session for each case. The observers had
available the previously described maps constructed by the pathologist indicating the
location of all Gleason 7 tumors, but were blinded to the G4% within these tumors. For each
Gleason 7 tumor depicted on the maps, the observers placed a VOI of similar position and
orientation on the ADC maps, encompassing all voxels demonstrating visually apparent
decreased ADC in that region of the prostate. In two patients with two Gleason 7 tumors,
one of the two tumors were obscured by ghosting artifact on the ADC map and excluded
from further analysis. The axial T2WI was used solely to assist in anatomic localization of
observations on the ADC map, rather than for directly guiding the placement of the VOIs on
suspicious regions. The mean ADC and ADC entropy were then calculated for the VOI.
Entropy was computed as >(—p;)/log(p;), in which p;j represents the frequency of ADC
values across the VOI (ie, the number of voxels with a given ADC value normalized to the
total number of voxels within the VOI) (29). Entropy is a textural-based measure of the

J Magn Reson Imaging. Author manuscript; available in PMC 2015 December 30.


https://files.nyu.edu/hr18/public/projects.html

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosenkrantz et al.

Statistics

RESULTS

Page 5

variation and predictability of individual values in the overall histogram distribution of
values across the lesion (30). A greater entropy indicates the presence of a large number of
voxels with different values in an unpredictable distribution and is believed to represent
greater macroscopic structural heterogeneity of the tissue (30).

The Pearson correlation was used to characterize the association of G4% with mean ADC
and ADC entropy. Mixed-model analysis of variance (ANOVA) was used to assess the
significance of these correlations and to test whether mean ADC and ADC entropy were
independent predictors of G4%. Mixed-model ANOVA was also used to compare Gleason
3+4 and Gleason 4+3 tumors in terms of mean ADC and ADC entropy. Area under the
receiver operating characteristic (ROC) curve (AUC) was used to describe the utility of
mean ADC and ADC entropy for the detection of those Gleason 7 tumors exhibiting
Gleason 4+3 pattern. Logistic regression for correlated data was used to test the utility of
mean ADC and ADC entropy, alone and in combination, as predictors of Gleason 4+3
tumors within the cohort. Specifically, generalized estimating equations (GEE) in the
context of binary logistic regression was used to model the binary indicator of whether or
not a tumor was a Gleason 4+3 lesion as a function of mean ADC and ADC entropy. In the
mixed-model and GEE analyses, statistical dependencies among results acquired from
multiple tumors within the same patient were accounted for by assuming results to be
symmetrically correlated when acquired from the same patient and to be independent when
acquired from different patients. All statistical tests were conducted at the two-sided 5%
significance level using SAS 9.3 (SAS Institute, Cary, NC).

Gleason 7 Tumors

The pathologist reported and delineated 84 Gleason 7 tumors in the 70 patients: 59 patients
with one, 8 patients with two, and 3 patients with three Gleason 7 tumors. Among these 84
tumors, the G4% ranged from 5%-85% (mean = SD, 36% + 25%; median 30%). Fifty-nine
of the tumors exhibited Gleason score 3+4, and 25 tumors exhibited Gleason score 4+3. A

representative case is shown in Fig. 1.

Differentiation of Gleason 3+4 and Gleason 4+3 Tumors

Table 1 shows findings pertaining to differentiation using whole-lesion ADC metrics of
Gleason 3+4 and Gleason 4+3 tumors among the 70 patients with Gleason 7 prostate cancer.
ADC entropy was significantly higher in Gleason 4+3 tumors than in Gleason 3+4 tumors
for both observers (reader 1: 5.27 + 0.61 vs. 4.62 + 0.78, P =0.001; reader 2: 5.91 + 0.32 vs.
5.57 + 0.56, P =0.004). In contrast, there was no significant difference in mean ADC
between these groups for either observer (reader 1: 0.90 + 0.15*1073cm?/s vs. 0.98 +
0.21*10~3cm?/s, P =0.075; reader 2: 1.06 + 0.19*10~3cm?/s vs. 1.14 + 0.16*10~3cm?/s, P
=0.083). Figure 2 shows the ROC curves comparing the AUC for differentiation of Gleason
4+3 and Gleason 3+4 tumors using the two metrics. For reader 1, there was significantly
higher AUC using ADC entropy than mean ADC (0.74 vs. 0.57, P =0.027). For reader 2, a
higher AUC using ADC entropy was not statistically significant (0.69 vs. 0.61, P =0.329).
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Table 2 shows P-values for the significance of each whole-lesion ADC metric as a
significant independent predictor of the binary classification of Gleason 7 tumors (Gleason
score 3+4 vs. Gleason score 4+3) when adjusted for the other metric. In this analysis, ADC
entropy was a significant independent predictor of tumor classification for both observers (P
<0.004), while mean ADC was not a significant independent predictor for either observer (P
>0.144).

Association With Percentage Gleason 4

Table 3 shows the correlations between the whole-lesion ADC metrics and G4% in the
Gleason 7 tumors. Correlations between both mean ADC and ADC entropy with G4% were
statistically significant for both observers (mean ADC: P =0.004-0.023; ADC entropy, P
<0.001, both observers). For reader 1, there was a moderate correlation between ADC
entropy and G4% (r =0.45), compared with weak negative correlation between mean ADC
and G4% (r =—0.25). For reader 2, G4% showed a moderate positive correlation with ADC
entropy (r =0.41) and a moderate negative correlation with mean ADC (r =—0.32). Table 2
shows P-values for the significance of each whole-lesion ADC metric as a significant
independent predictor of G4% when adjusted for the other metric. In this analysis, ADC
entropy was a significant independent predictor of G4% for both observers (P =0.003—
0.028), while mean ADC was not a significant independent predictor for either observer (P
>0.384).

DISCUSSION

Gleason 7 prostate cancer represents a common subset of prostate cancer diagnoses with
heterogeneous clinical behavior, leading to challenges in clinical management. In our study,
we showed that two observers with varying levels of experience both identified significant
differences in whole-lesion ADC entropy between Gleason 3+4 and Gleason 4+3 sub-
populations of Gleason 7 cancers, with corresponding moderate performance of whole-
lesion ADC entropy in their differentiation. There were also moderate correlations of ADC
entropy with the G4% within the tumor. Thus, whole-lesion ADC entropy has the potential
to serve as a biomarker that can assist clinical management of this group of patients.

ADC entropy is believed to be influenced by macroscopic structural heterogeneity (27,30).
Its calculation is determined by the predictability of specific ADC values within the lesion
and increases with a more heterogeneous distribution of ADC values (30). In our study,
ADC entropy outperformed mean ADC for a number of the comparisons for the two readers,
as mean ADC was not significantly different between Gleason 3+4 tumors and Gleason 4+3
tumors for either observer and, for observer 1, both showed significantly lower AUC for
differentiation of these two entities as well as lower correlation with G4% in comparison
with mean ADC. These findings may reflect the sensitivity of ADC entropy to greater
architectural heterogeneity among tumors with a greater contribution of Gleason pattern 4
elements (33). This difference in performance between the metrics is important, given that
the literature to date exploring the role of DWI in characterization of prostate cancer
aggressiveness has largely used mean or median ADC values (20,21), which appears not to
be the optimal metric. Furthermore, unlike in past studies, we evaluated the entire lesion in
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3D on the ADC maps, thereby attaining a more complete representation of the tumor. This
step is important, given that the Gleason 4 component may not be centrally located within
the lesion, possibly comprising separate discontinuous areas within the lesion’s overall
volume that can be distributed in “heterogeneous and unpredictable” geographic patterns
(34).

While statistically significant, the observed differences in whole-lesion entropy between
Gleason 7 tumors with primary patterns of 3 and 4 were not large. However, we would not
have anticipated substantial differences. Past studies comparing ADC values with Gleason
score have demonstrated overlap in ADC values between these categories (20,21,25), and in
this study we were assessing subsets of just one such category. It would be expected that the
performance for distinguishing these subsets would be inferior to that of ADC values for
distinguishing the broader overall Gleason score categories. Indeed, the extent of the
variation in G4% between tumors, measured in 5% increments, generally corresponds with
small differences in the actual volume of Gleason pattern 4 tissue present in the tumor,
which may impose inherent limits on the extent to which these differences can be
distinguished via imaging. A limited number of past studies have presented data comparing
ADC values between subdivisions of Gleason 7 tumors. While Vargas et al (24) showed a
lower mean ADC in Gleason 4+3 tumors, compared with Gleason 3+4 tumors, a
corresponding box-and-whisker plot suggests substantial overlap for most cases in their
series, and no P-value directly comparing these means is provided. In a similar fashion,
Hambrock et al (20) observed a slightly lower median ADC in Gleason 4+3 tumors than in
Gleason 3+4 tumors, although they do not provide further data regarding the potential
statistical significance of this difference or the ability of median ADC to differentiate
individual patients in these two groups. Likewise, scatterplots presented by Kitajima et al
(35) indicate substantial overlap in mean ADC and minimum ADC between Gleason 3+4
and Gleason 4+3 tumors, although the average values of these metrics within each group is
not stated. Thus, a more focused assessment of the utility of DWI in providing a more
precise characterization of Gleason 7 tumors, as we have attempted in this study, is
warranted.

Precise assessment of G4% within prostate tumors is important given the emerging
understanding of the unique nature of Gleason grade 4 tumor as qualitatively distinct from
Gleason grade 3 tumor, rather than these representing different entities along a single
spectrum (36). For instance, Gleason grade 4 cancer exhibits a widely variable pattern of
gene overexpression, whereas Gleason grade 3 cancer is relatively homogeneous in its
pattern of gene overexpression (37). In addition, Gleason grade 4 cancer exhibits a unique
profile of downregulation and upregulation of a large number of specific genes (38),
including upregulation of genes with attenuated androgen signaling, a property not observed
in Gleason grade 3 cancer and that has been associated with metastatic potential (39).
Furthermore, an MRNA expression signature associated with Gleason 4 prostate cancer has
been linked with lethality (40). In a recent study of 1781 men with Gleason score 6, prostate
cancer diagnosed in the era of prostate-specific antigen (PSA) screening, no patient
demonstrated metastatic spread at the time of radical prostatectomy (41). Indeed, although
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clearly controversial, removing the label of “cancer” from Gleason 6 tumors has been
recently suggested (42).

While the substantially higher rate of biochemical recurrence and mortality in Gleason 4+3
tumors compared with Gleason 3+4 tumors has been well known (6,12), additional data
supports the importance of the actual G4% within Gleason 7 tumors. This more precise
quantification offers greater statistical power for discrimination of Gleason 7 tumors in
comparison with an inherently binary approach (14). In addition, a number of studies have
shown that the percentage of high-grade component serves as a significant independent
predictor of biochemical recurrence (15-18), outperforming the standard Gleason score
(16,18) and potentially serving as the best single predictor of outcome (15). The percent of
high-grade component has also been shown to correlate significantly with presence of nodal
metastases (43). Given the strength of such data, a so-called “quantitative” Gleason score
has recently been proposed that is largely derived from the proportion of Gleason 4
component present (14).

Our study has several limitations. First, this study was retrospective in nature; while a single
uropathologist reviewed all included cases to identify the location and G4% of Gleason 7
tumors for purposes of our analysis, three different uropathologists initially processed and
interpreted the specimens at the time of patient care. Also, the VOIs were placed aware of
location of Gleason 7 tumors at histopathologic assessment; future studies may investigate
the performance of whole-lesion ADC metrics determined blinded to this information. In
addition, although we correlated whole-lesion ADC metrics with G4%, we did not correlate
the metrics with clinical outcomes such as biochemical recurrence or metastatic disease.
Another limitation is that while most patients underwent prostatectomy within several
months of MR, the delay between MRI and surgery was as long as ~9 months in some
patients. Finally, while it is recognized that ADC entropy is influenced by macroscopic
heterogeneity, the exact histologic basis for the observed differences in this metric in our
study remains uncertain.

In conclusion, we demonstrated that whole-lesion ADC entropy correlates with the G4% of
Gleason 7 prostate cancer and shows larger differences than mean ADC between Gleason
3+4 tumors and Gleason 4+3 tumors. Future studies may assess the potential incorporation
of this whole-lesion ADC metric into the clinical management of Gleason 7 prostate cancer.
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Figurel.
A 67-year-old male who underwent radical prostatectomy for prostate cancer, with Gleason

7 tumor in right peripheral zone. a: Axial turbo spin-echo T2-weighted image shows tumor
as area of decreased T2 signal (arrow). b: Axial apparent diffusion coefficient (ADC) map
shows decreased ADC in tumor (arrow). c: Sample of several slices of ADC map from
whole-lesion VOI assessment show placement of VVOI encompassing voxels on multiple
slices across area of tumor. Whole-lesion mean ADC was 0.921*10~3cm?/s for reader 1 and
1.12-3cm?/s for reader 2; whole-lesion ADC entropy was 5.79 for reader 1 and 6.49 for
reader 2. d: Photomicroraph (H&E stain, x4) of portion of tumor shows predominantly areas
of Gleason pattern 4 tumor (arrows), with intermixed areas of Gleason pattern 3 tumor
(arrowheads) as well as benign glands (asterisks). Overall Gleason 4 component within
entire tumor was 65%.
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Receiver-operator-characteristic curves for differentiation of Gleason 7 tumors with primary
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Table 2

Significance of Mean ADC and ADC Entropy as Independent Predictors of Binary Lesion Classification
(Gleason 3+4 vs. Gleason 4+3 Tumor) and of Percentage of Gleason 4 Component

Gleason 3+4 vs. Gleason 4 +3tumors  Percentage Gleason 4 component

Reader 1 Reader 2 Reader 1 Reader 2
Mean ADC 0.640 0.144 0.854 0.384
ADC Entropy <0.001 0.004 0.003 0.028

All P-values are adjusted for the other whole-lesion ADC metric.
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Table 3

Correlation of Whole-Lesion ADC Metrics With Percentage of Gleason 4 Component Within Gleason 7
Tumors

Reader 1 Reader 2

Metric r P r P

Mean ADC -0.25 0023 -0.32 0.004
ADC Entropy 045 <0.001 041 <0.001
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