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Abstract

In this study, the objective was to characterize the MR signatures of the various benign prostate
tissues and to differentiate them from cancer. Data was from seventy prostate cancer patients

who underwent multiparametric MRI (mpMRI) and subsequent prostatectomy. The scans included
T2-weighted imaging (T2W), diffusion weighted imaging, dynamic contrast-enhanced MRI (DCE
MRI), and MR spectroscopic imaging. Histopathology tissue information was translated to MRI
images. The mpMRI parameters were characterized separately per zone and by tissue type. The
tissues were ordered according to trends in tissue parameter means. The peripheral zone tissue
order was cystic atrophy, high grade prostatic intraepithelial neoplasia (HGPIN), normal, atrophy,
inflammation, and cancer. Decreasing values for tissue order were exhibited by ADC (1.8 1073
mm?/sec to 1.2 10-3mm?/sec) and T2W intensity (3447 to 2576). Increasing values occurred for
DCE MRI peak (143% to 157%), DCE MRI slope (101%/min to 169%/min), fractional anisotropy
(FA) (0.16 to 0.19), choline (7.2 to 12.2), and choline / (creatine + citrate) (0.3 to 0.9). The
transition zone tissue order was cystic atrophy, mixed benign prostatic hyperplasia (BPH), normal,
atrophy, inflammation, stroma, anterior fibromuscular stroma, and cancer. Decreasing values
occurred for ADC (1.6 1073 mm?2/sec to 1.1 10~3mm?/sec) and T2W intensity (2863 to 2001).
Increasing values occurred for DCE MRI peak (143% to 150%), DCE MRI slope (101%/min to
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137%/min), FA (0.18 to 0.25), choline (7.9 to 11.7), and choline / (creatine + citrate) (0.2 to 0.6).
Logistic regression was used to create parameter model fits to differentiate cancer from benign
prostate tissues. The fits achieved AUCs = 0.91. This study quantified the mpMRI characteristics
of benign prostate tissues and demonstrated the capability of mpMRI to discriminate among
benign as well as cancer tissues, potentially aiding future discrimination of cancer from benign
confounders.

Keywords

prostate cancer; multiparametric MRI; histopathology; diffusion-weighted imaging; dynamic
contrast-enhanced imaging; magnetic resonance spectroscopy imaging

1. Introduction

Prostate cancer (PCa) is extremely prevalent in men [1,2]. Nonetheless, the risk of treatment
side effects is high while the risk of progression is low [3]. The amount and grade of
disease are important predictors for prostate cancer progression and Gleason grade assigned
to biopsy results is the standard for diagnosis [4]. However, the prostate is inadequately
sampled by standard biopsy leading to under diagnosis of higher grade disease in some [5].
Biopsy is also an invasive procedure with potentially significant adverse effects [6].

Multi-parametric MRI (mpMRI) has been shown to be a powerful, non-invasive technique
for detecting, locating, and determining extent of PCa [7,8,9]. With the advent of the
Prostate Imaging Reporting and Data System (PI-RADS), the application of mpMRI for
assessment of PCa has been standardized [10]. Accurate detection is confounded by the
tremendous heterogeneity of tissues within the prostate. With the advent of advanced
machine learning and artificial intelligence approaches to automate prostate cancer detection
on MRI, understanding of the MR tissue characteristics of benign, normal and abnormal,
tissues within the prostate is important to optimize detection accuracy. The diverse
underlying anatomy and physiology of these different tissues suggests that the full range
of mpMRI capability is necessary to capture potentially subtle differences among these
tissues.

The MR characterization and differentiations of benign tissues may aid future radiologist
and artificial intelligence approaches to separate cancers from benign confounders,
ultimately aiding clinical assessment. Therefore, in this study, the objective was to
characterize the MR signatures of the various benign prostate tissues and to differentiate
them from cancer. In the data sets and analysis, an extensive range of benign tissue

types was included, and logistic regression analysis was performed to facilitate automated
differentiation of cancer.

2. Materials and Methods

2.1. Patients

Seventy men with biopsy proven prostate cancer were included in this study. The cohort
was documented previously in our study of mpMRI cancer characteristics compared to
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histopathology post radical prostatectomy with eight excluded due to lack of complete MR
Spectroscopic Imaging (MRSI) data [11]. The MRI scans were acquired between 2007 and
2014. Patients were excluded if MRI preceded surgery by more than one year or if they
had treatment for prostate cancer (i.e. hormonal therapy) before surgery. The Institutional
Review Board approved the study and the methods met Health Insurance Portability and
Accountability Act compliance. Written informed consent was obtained from all patients.

2.2. MR Imaging

MR images were acquired with a 3T scanner (GE Healthcare, Chicago, IL, USA) using

an external phased array coil and an expandable balloon endorectal coil (MedRad, Bayer
HealthCare LLC, Whippany, NJ). Summaries of scan conditions are reported below while
more complete details were provided in Starobinets, et. al [11]. The scan types included
T2-weighted imaging, Diffusion weighted imaging (DWI), Dynamic Contrast Enhanced MR
imaging (DCE MRI), and MR Spectroscopic Imaging (MRSI). Since the endorectal coil

has a non-uniform reception profile, a correction was applied to raw images [12] to allow
quantitative assessment across the field-of-view (FOV). Images used for this analysis were
acquired with slices in an oblique axial plane. The anatomical T2-weighted images were
obtained using a Fast Spin Echo (FSE) scan (TR/TE 6000/96ms, FOV 18 cm, slice thickness
3mm, matrix 512x512).

Diffusion weighted images (DWI1) were obtained using a 2D single-shot echo-planar
imaging (EPI) spin echo sequence (TR/TE 4000/78-90ms, b-value 0 and 600 s/mm?, slice
thickness 3mm). Scans were taken with either a conventional FOV (matrix 128 x 128) or
reduced FOV (128 x 64) with the latter providing reduction of susceptibility artifacts [13].
Both apparent diffusion coefficient (ADC) maps and fractional anisotropy (FA) maps were
generated with in-house software. ADC was calculated as [13]

1. Sem
ADC = — Bll’l (S—O [1]

where b is the b-value, Sy, is the signal intensity mean over the six gradient directions at
b=600, and Sy is the signal intensity of the image at b=0. FA was calculated from the DWI
tensor eigenvalues, (11, Ay, A3) as [14]

3 = 407 + o = 240" + U3 = D)

FA
2+ 3+ 13)

[2]

DCE MRI was completed with a 3D fast Spoiled Gradient Recalled (SPGR) sequence
(TR/TE 3.5/0.9ms, flip angle 5°, slice thickness 3mm, contrast gadopentetate dimeglumine
(Gd-DTPA) (Magnevist; Bayer, Whippany, NJ), time 5 min, intervals between 6 to 13 sec).
Semi-quantitative properties of contrast uptake into the prostate were tracked with maps of
peak enhancement (PE), maximum enhancement slope (ES), and washout rate (WO). The
maps were generated by calculating these quantities for each voxel [15] from the temporal
evolution of DCE MRI images.
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More quantitative, physiological properties were derived through pharmacokinetic modeling
of the DCE MRI data. Pharmacokinetic parameters and maps were created using a

Luminal Water (LW) model [16] which is a modification of the Tofts-Kermode model

[17]. The derived quantities were the transfer constant (Ka"S), the fractional extravascular,
extracellular volume (ve), and the luminal water fractional volume (v ). The LW model adds
the v|_ parameter under the assumption that contrast agent cannot enter water within the
prostate ductal lumen.

MRS images were obtained using a 3D flyback, echo planar Point RESolved Spectroscopy
Chemical Shift Imaging (PRESS CSI) scan (TR/TE=2000/85ms, matrix 16x12x10,
resolution 5.4 mm zero-filled to 5.4x2.7x2.7mm3, voxel volume 0.04cc) [18]. Peak height
was measured to determine choline, creatine, and citrate levels. Additionally, choline /
citrate ratios were computed.

2.3. MR Image Normalization

T2-weighted and DCE MRI images were normalized to decrease the variance from patient
to patient. The scaling factor was determined by averaging over two ROIs selected within
the obturator muscles next to the prostate. The normalized T2W for each ROI, /, for a
patient, j, was given by:

T2W,

T2W porm_i = m

(3]

The DCE MRI images were scaled based on the peak enhancement, PE;scle: averaged over
two muscle ROIs for each case, /, and the average muscle enhancement over all cases. The
normalization equations for DCE MRI PE, DCE MRI ES, and DCE MRI WO of each ROI,
I, were:

[4]

PE,
PEnorm_i — PE,' . ( muscle_ave)

P Emuscle J

[5]

PE,
ESyorm i = ES; - (M)

PEmuscle_j

(6]

PE
Wonorm_i _ WOi . ( muscle_ave)

PEmuscle_j

2.4. Histopathology

The prostate specimens were prepared with neutral buffered formalin as the fixative. Similar
to the MRI slices, the physical prostates were sectioned into 3 mm slices with a manual
precision slicer and embedded in paraffin. The sections were prepared on slides by cutting to
4 um thickness and staining with hematoxylin and eosin (H&E) and were characterized by
the study pathologist.

Magn Reson Imaging. Author manuscript; available in PMC 2023 February 15.
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2.5. Identifying Regions of Interest

Tissues were delineated and labeled by the pathologist as separate Regions of Interest
(ROI). Along with an assigned tissue label, a specific boundary was drawn around each
ROI. In our previous study [11], cancerous ROIs differentiated by Gleason grade and
regions of benign glandular tissue (normal and cystic atrophy) were compared. In this study
additional benign tissues were identified in the peripheral zone (cystic atrophy, high grade
prostatic intraepithelial neoplasia (HGPIN), atrophy, and inflammation) and the transition
zone (atrophy, cystic atrophy, inflammation, mixed benign prostatic hyperplasia (BPH),
stroma, and anterior fibromuscular stroma) for characterization. Cystic atrophy presents

as glandular tissue with a loss of epithelial cells, but intact basement membranes, while
retaining fluid in the glandular lumen [19]. Atrophy reflects loss of cytoplasm of secretory
cells and hence reduced cell size [19]. In standard atrophy this results in reduced gland
sizes and loss of papillary infoldings of typical benign glands, while in cystic atrophy the
atrophic glands are expanded and stretched by development of cystic spaces. Inflammation
presents as an infiltration of lymphocytes into the tissue with generally resultant atrophy
[20]. Transition zone tissue generally comprises a mixture of normal benign glands, along
with hyperplastic glands and stroma of BPH. Anterior fibromuscular stroma was stroma
tissue located at the anterior edge of the prostate without the presence of any glands.

The histological ROI location information from the slides was translated to the MRI images
by manually drawing MRI ROIs onto the T2W images based on anatomical landmarks,

in homogeneous regions, and with consensus of two readers. Additional MRI ROIs were
placed with consensus of the two readers, in unlabeled, non-urethral, homogeneous regions
on MR, and labeled as normal. The two readers were members of our prostate imaging
group, with 3 and 20 years’ experience reviewing prostate MRIs. Manual registration of
other images (ADC, DCE, etc.) to the T2W images was performed if deemed necessary by
visual inspection. To improve confidence in ROI placement, the MRI ROIs were defined
smaller than the histology ROIs to avoid artifacts from motion. Only MRI ROIs larger than
0.05 cc were retained in the final data set as further protection against artifacts. Finally, ROls
were rejected if distortion from susceptibility artifacts was evident in the DWI images and
ADC maps at the location of an ROI. In general susceptibility issues were confined to the
rectum and PZ interface [13].

2.6. Statistical Analysis

The mpMRI parameter distributions were characterized for each tissue type and were
analyzed separately for TZ and PZ to address any potential zonal differences due to the
underlying tissue compositions of the two regions. The image intensities or map values

were listed as mean + standard deviation. The Tukey-Kramer honestly significant difference
(HSD) [21] test was used to compare means across tissue types. Differences between means
were shown by connected letters reports [21] which provide letter labels to distinguish
groups of tissues with statistical significance p-values less than 0.05. Distributions such as
ROI size, which were not normally distributed, were reported as median (15t quartile, 3"
quartile). MR characteristics were compared for tissue types that were present in both the PZ
and TZ to determine any significant differences.

Magn Reson Imaging. Author manuscript; available in PMC 2023 February 15.
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Logistic regression with the MRI parameters as factors was implemented to create models
for differentiating prostate cancer. JMP software (JMP, Version 14, SAS Institute Inc.,
Cary, NC) was used for distribution characterization and logistic regression [21]. The
logistic regression analysis was preceded by a mixed, stepwise algorithm where factors
were added or removed from the fit depending on their significance [21]. In this analysis
the criterion for inclusion was a p-value < 0.15. Once complete, the fits were manually
checked for overfitting. If the fit dependency for a factor was inconsistent with the
dependencies indicated by the univariate means, the factor was removed from consideration
and the fit recomputed. Parameters from the same modality, such as DCE MRI, may

have some correlation or be affected by the same scan artifacts. However, each parameter
possessed unique information since each modality separates parameters by time (DCE
MRI), frequency (MRSI), or tensor characteristics (DW]1). For this reason, parameters from
the same modality were all fed into in the stepwise regression control algorithm.

The receiver operating characteristic (ROC) curves and the area under the curve (AUC)
were used as metrics to evaluate the logistic regression fits. Sensitivity and specificity were
reported at the point on the ROC curve closest to equal sensitivity and specificity, and
sensitivity - (1 - specificity) at a maximum. This weights false negatives and false positives
in a similar manner although the various tissue groups were not of equal size. As with the
means comparisons, the models were completed separately for the TZ and the PZ. To assess
the performance of each model, a 4-fold cross-validation was performed. The AUC mean
and 95% confidence interval were calculated.

3. Results

The demographics of the patients were as follows: mean age 64.1+6.1 years, median PSA
6.2 ng/ml (Q1=4.3 ng/ml, Q3=8.8 ng/ml), median prostatectomy Gleason score 7 (Q1=6,
Q3=8). Given the inclusion criteria, the median time between MRI scan and prostatectomy
was 38 days (Q1=14 days, Q3=76.8 days). Additional patient information can be found in
Starobinets, et. al [11].

Table 1 is a summary of ROI counts and sizes for the tissue types. In total there were 617
ROIs in the TZ and 811 ROIs in the PZ. The sizes are the ROI volumes within each 3mm
MRI slice. The median volumes were similar in the TZ (0.12cc) and the PZ (0.11cc), albeit
with wide ranges (0.02cc to 0.88cc in the TZ and 0.2cc to 1.46cc in the PZ).

A set of mpMR images and corresponding histopathological slide from a case are shown
in Figure 1. The tissue types demonstrate different combinations of hyper- and hypo-
intensities in the different MR images. The region of cancer exhibits low T2W, low ADC,
and low DCE MRI washout while having high DCE MRI slope. The AFMS exhibits
hyperintense fractional anisotropy with hypointense T2W and ADC. The cystic atrophy
exhibits hyperintense T2W and ADC.

The means of the T2W and DCE PE distributions after normalization were T2W (2.6) and
DCE PE (43%). The coefficients of variation (COV) before and after normalization were

Magn Reson Imaging. Author manuscript; available in PMC 2023 February 15.
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T2W (0.32 — 0.24) and DCE PE (0.33 — 0.26) with p-values from two sided F-tests of
0.009 and 0.033 respectively.

The imaging parameters for tissues in the PZ are compared in the box plots of Figure 2.
The tissues were ordered according to general trends in the means of the tissues as: cystic
atrophy, High Grade PIN, normal PZ, atrophy, inflammation, and cancer PZ. Connected
letter reports within each plot highlight the trends by indicating differences for p-value

< 0.05 with different letter labels. The means and standard deviations of the parameters
are reported in Table 2. The parameters with decreasing values for the given tissue order
from cystic atrophy to cancer were ADC (from 1.8 to 1.2 10~3mm?/sec) and T2-weighted
normalized intensity (from ~ 3.3 to 2.5). The parameters with generally increasing values
were DCE MRI PE (from 43 to 57 %), DCE MRI ES (from 101 to 169 %/min), and
choline / citrate (0.3 to 0.9), with the notable exception that HGPIN had higher DCE MRI
ES, faster DCE MRI WO, shorter peak time, higher Ka"S lower v, and higher choline than
all the other benign tissues.

The imaging parameters for tissues in the TZ are compared in the box plots of Figure 3.
The tissues were ordered according to general trends in the means of the tissues as: cystic
atrophy, mixed BPH, normal TZ, atrophy, inflammation, stroma, AFMS, and cancer TZ.
Connected letter reports within each plot highlight the trends by indicating differences for
p-value < 0.05, similar to Figure 2. The means and standard deviations of the parameters
are reported in Table 3. The parameters with generally decreasing values for the given tissue
order from cystic atrophy to cancer (excluding stroma and AFMS) were ADC (from 1.6 to
1.1 10~3mm?/sec) and T2-weighted normalized intensity (2.7 to 1.9). The parameters with
generally increasing values were DCE MRI PE (43 to 50 %), DCE MRI slope (101 to 137
%/min), FA (0.18 to 0.25), choline (7.9 to 11.7), and choline / citrate (0.3 to 0.7).

The tissues which were identified in both the PZ and TZ (normal, cystic atrophy, atrophy,
and inflammation) are compared in Table 4. Listed are the ratio of PZ versus TZ parameters
and p-value from the mean comparison of the distributions. DCE MRI WO is listed as a
difference rather than a ratio since washout can be either positive or negative. Only those
parameters with p-value < 0.05 for two or more of the tissues are included.

The ROC curves for the logistic regression analysis were plotted in Figure 4 with AUC

of 0.91 and 0.93 for the PZ and TZ respectively. Figure 5 is a profiler plot of the logistic
regression results which show the trends in probability of PCa versus the mpMRI factors.
Figures 5 and 6 are profiler plots of the logistic regression results which show the trends

in probability of PCa versus the mpMRI factors. Figure 5 illustrates the trends for the TZ
model with cursors set for parameters between PCa and benign. Figure 6 has a comparison
in the PZ between PCa, inflammation, and cystic atrophy. The 4-fold cross validation results
are listed in Table 5 with the mean and 95% CI for the models in the PZ and TZ.

4. Discussion

As evidenced by the statistically significant differences in the parameter means comparisons
and the high AUC resulting from the logistic regression fits, this study was able to enhance
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discrimination of PCa from multiple prostate tissue types simultaneously. The 4-fold cross
validation of the fits exhibited acceptable variance in the distributions of the ROC AUC. The
mean AUCs of the validation fits were all greater than 0.90 and were within 0.01 of the
AUC:s for the fits which utilized all data.

The use of 2" order fits improved the results by a) allowing steeper transitions between
probabilities and b) allowing non-monotonic parameter dependencies of probabilities.

This quantitative procedure may mitigate errors inherent in PCa identification where the
distributions of MRI parameters have large overlap [22,23]. This benefit is evident in the
parameters of DCE PE, FA, T2W, and v, where TZ PCa has intermediate values, with
labels highlighted in yellow (Fig 3c, g, i). An example of the beneficial effect on the cancer
probability model for the TZ is shown in Figure 5. Despite the total benign distributions
encompassing the PCa distributions, individual benign tissues did exhibit separation from
PCa. In this example, the lower T2W and higher FA of AFMS versus PCa results in a peak
in cancer probability for those parameters. So, having the benign tissues separated by type
allows PCa to be distinguished by these parameters. Thus, more parameters can contribute to
the logistic regression fits, increasing the ROC AUC.

The utility of multiple parameters is shown in the profiler plots of Figure 6 for three tissue
types in the PZ (PCa, inflammation, and cystic atrophy). Each tissue type is represented
with parameters set at the mean for the tissue type. While inflammation is not exceptionally
different than PCa for T2W; a combination of parameters ADC, DCE ES, DCE WO, and
choline / citrate contribute to a large difference in probability of cancer (0.82 vs 0.26).
Cystic atrophy, with a larger difference in ADC from PCa, has a lower probability of cancer
of 0.05. The improved ROC AUC is achieved despite errors (image artifacts, noise, or tissue
variability) existing in the individual scans for each patient.

In PZ cancerous tissue, the prostatic glands become smaller and irregular with breakdown of
the basement membranes [2]. There is the potential for more cell and blood vessel growth
[2]. Consistent with more densely packed tissue, both ADC and T2 were hypointense [24].
The Fractional Anisotropy for cancer had a value intermediate between stroma and other
benign tissues. The 2" order fit captured the non-linear response. As glands with their
fluid-filled spaces would have inherently low fractional anisotropy, the loss of the glands

in cancer as the glands are replaced by cells naturally leads to higher fractional anisotropy.
Li, et al. [25], who found higher FA with higher Gleason score cancers, have conjectured
that increased FA in cancer relative to normal tissue may be due to increased concentration
of cells. The present results also indicate that directionality in stroma, particularly AFMS,

is larger than all other tissues. With the assumption that Gd-DTPA cannot penetrate the
basement membrane of intact glands [26], the breakdown of the basement membrane leads
to more space for the contrast agent to accumulate, decreasing v, increasing ve and

PE and indirectly increasing slope, washout and K", Consistent with this, DCE MRI
parameters were as expected, having higher slope and shorter time to peak (faster uptake)
combined with faster washout [27]. The higher Ka"S may also reflect increased and/or
potentially leaky blood vessels [2]. MRSI exhibited increased choline (cellular proliferation)
and decreased citrate (loss of normal epithelial layer function and glandular spaces) [2,28].

Magn Reson Imaging. Author manuscript; available in PMC 2023 February 15.
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The PZ had fewer significant factors than the TZ with ADC dominating, resulting in a
slightly lower AUC.

The benign tissues had mpMRI characteristics consistent with their biological properties.
Anterior fibromuscular stroma (AFMS) stood out with high FA which is expected for

the anisotropic, muscular fiber structure of tissue [29]. As compared to the other benign
tissues, the hypointense ADC and T2W, low DCE MRI slope, and absence of washout, are
consistent with the non-glandular, dense structure of the AFMS with its lower perfusion than
other tissues [30]. All spectroscopy quantities were low for the non-glandular AFMS. The
PK parameters were not reported since the luminal water model is not appropriate for such
tissue lacking glands [16].

Stroma in the TZ had FA higher than the other tissues but not as high as the AFMS,
consistent with the relatively ordered stromal cells as opposed to glandular tissues.
Differentiating from the other benign tissues, TZ stroma had higher DCE MRI peak, absence
of DCE MRI washout, high v, and low v|_ consistent with a lack of basement-membrane-
intact glands, leading to more space for the contrast agent to accumulate [26]. Unlike
AFMS, the TZ stroma did exhibit a choline signal on the higher end for benign tissues while
it also had low citrate. These are again consistent with its lack of glands and associated,
citrate-producing epithelial cells, and thus, higher cellular concentration and lower citrate
[31].

The remaining tissues in the TZ had characteristics differentiating between a group (1)
inflammation and atrophy; and a group (2) cystic atrophy and mixed BPH. The MRI
parameters for normal tissue tended to have values toward the center of the range between
the two groups. ADC, T2W, creatine, and citrate are larger in group (2). V. and FA are
smaller in group (2). These trends in MR characteristics are generally consistent with
more water, larger glands, and less stroma in group (2) than group (1) [19,32]. Atrophy
presents as a loss of epithelial cells, and a resultant loss of glandular lumen. Inflammation
presents as lymphocytes infiltrating the tissue which generally also becomes atrophic. As
the lymphocytes infiltrating tissue represented only 5 - 20% of the tissue in our study, it is
not surprising that atrophy and inflammation (with its generally co-existing atrophy) could
not be statistically separated with the MR parameters in this study. One notable difference
between group (2) tissues is in the luminal water fraction, v| . The cystic atrophy mean
was 0.29, and mBPH mean was 0.17 while the group 1 tissues had v mean ~ 0.2. The v|_
parameter appeared to be reflective of the enlarged, intact glandular lumen in cystic atrophy
[19].

Tissue types in the PZ were differentiated between groups (1) inflammation and atrophy;
and (2) cystic atrophy and HGPIN. The trends for the PZ are similar to those noted above
for the TZ. Finally, between cystic atrophy and HGPIN, there were significant differences
(p < 0.05) in the DCE MRI and PK parameters. The enhancement slope, washout, peak
time, KU"a"s of cystic atrophy were closer to the group (1) tissues than to HGPIN. ADC and
T2W of HGPIN were similar to the group (1) tissues. The DCE MRI and PK parameters
suggest that the perfusion is higher for HGPIN than other glandular tissues and that there is
less intact glandular structure (lower v ), similar to cancer. These results are consistent with
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HGPIN having glandular and ductal architecture near normal with increases in intraductal
epithelial cells [2,33].

Overall, abnormal benign tissues were prevalent in this cohort. Based on the ROIs with
sufficient size and conspicuity to be correlated to MRI (Table 1), 80% of patients had cystic
atrophy and 83% had atrophy and inflammation in the PZ, demonstrating that these tissues
are important contributors to the MRI intensities observed in the prostate.

The AUC of our fits, 0.91 for peripheral zone and 0.93 for transition zone, are favorable
relative to literature values ranging from 0.74 to 0.96 [22,34,35,36] for the peripheral zone
and 0.68 to 0.92 [22,37,38,39] for the transition zone. Several features of this study improve
the robustness of the model fits. The analysis takes advantage of many MRI parameters
versus few [22,40,41], whole mount histology versus biopsy [37], and many ROIs per
patient instead of patient means or single VVOIs [35,36]. The use of many tissues and ROls
increases the variance of tissue characteristics causing a greater challenge for modeling.
However, the separation of tissues improves the ability to differentiate cancer because
divergent mpMRI trends among benign tissues are accessible to the fitting. The resulting
analysis provides a different and more comprehensive perspective for the entire prostate

than articles comparing individual tissues (normal [9,34,35], BPH [42,43], HGPIN [44], and
inflammation [45]) to PCa. In Litgens, et. al. [46,47], a cascading classifier method was used
to sequentially discriminate inflammation, HGPIN, BPH, atrophy, and finally cancer. This
study achieved an accuracy of 0.76 using parameters from T2W, DWI, and DCE MRI. While
the classification algorithm and the order for extracting PCa from other tissues are different
from our method, the utility of identifying multiple tissues and using multiple parameters is
evident.

The PZ versus TZ comparison in table 5 has values that indicate higher free water content

in the PZ (higher ADC, T2W, vL and lower FA). The PZ had lower creatine than the TZ
representing lower cell density. This is consistent with the higher glandular structure in the
PZ. The slower DCE MRI washout implies a higher intact luminal water space, resulting in a
slower washout in such tissues [16].

This study has several limitations. The manual method of ROI definition and alignment has
limitations as noted previously [11], such as bias in localizing tissues. Impact from distortion
in DWI derived maps is possible which could affect properties within ROIs and alignment
of ROIs with the T2W image. Korn, et. al. [13] performed quantitative distortion analysis

of a cohort that included scans from this study. As noted in the methods section 2.5, DWI
distortion in the current study was addressed by defining ROIs in homogeneous regions and
not including ROIs where significant distortion existed. Problematic distortion sufficient for
rejection of ROIs existed in 15 of the 70 cases. Since the distortion was generally only in the
PZ near the rectum, rejected ROIs were less than 10% of the total. With these precautions,
distortion may contribute to the variance in the ADC and FA distributions but have minimal
impact on the means.

While the information reported in this study is a necessary baseline, accuracy in the
detection of PCa could be reduced by DWI distortion. Both manual assessment by
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radiologists and automated methods will be affected. Error would be partially mitigated

by inclusion of the other mpMRI factors (T2W, DCE, and MRSI) as indicated by the high
ROC AUC:s of the PZ and TZ models. Nonetheless given the importance of DWI dependent
images as biomarkers for PCa, distortion to DW images and its reduction has been the
subject of many recent studies. Giganti et al [48] summarized studies for improving MR
imaging in four areas: MRI sequences, MRI hardware, patient preparation, and adherence to
technical standards. In addition to understanding the baseline MRI characteristics of prostate
tissues, implementation of image improvements will help to enable quantitative, automated
procedures for detecting PCa.

In this study, all ROIs were analyzed as separate data instances and not combined into
connected lesions. This preserved the slice-to-slice variation across a lesion. Since not all
tissues were identified in every patient, the data set does not capture the total distribution
caused by scan and patient variability. The tissues most affected by this limitation were
stroma and cTZ. Adding more patients to the cohort would reduce uncertainty in this result.
Skew in the distributions and errors in the means could also be affected by unequal ROI
sample sizes and ROI volumes for the different tissue types. However, excluding the stroma
tissues, the median ROI volumes were within a factor of two across the tissue types. The
comparison between non-cancer and cancerous tissues was improved by including all benign
tissues with significant numbers of ROIs in the analysis. Of particular note, the number of
ROIs for normal PZ and TZ were low in this study, in part due to the predominance of
benign abnormalities and in part due to methodology of defining “normal” for this study.

As the collection of heterogeneous benign tissues can present with a wide range of MR
parameter values, separating and characterizing the individual benign tissues allows their
separate patterns to be elucidated and used to improve the detection of cancer. This can be
through better discrimination of cancer from a benign confounder and by the use of more
complex, multivariate models to separate cancer from benign tissues.

5. Conclusion

This study summarized the mpMRI characteristics of cancer and of benign prostatic tissues
(AFMS, stroma, normal, inflammation, atrophy, HGPIN, mixed BPH, and cystic atrophy).
It also demonstrated the capability of mpMRI to distinguish cancer from the various benign
tissues in the prostate. This characterization of the MR signatures of the prostate may aid
future qualitative and quantitative detection of prostate cancer, improving discrimination
versus benign confounders.

Funding sources

This work was supported by the National Institutes of Health [grant number RO1 CA148708] and the California
Tobacco-Related Disease Research [grant number 281R-0060].

Abbreviations:

ADC apparent diffusion coefficient

AUC area under the receiver operating characteristics curve
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DCE MRI dynamic contrast-enhanced magnetic resonance imaging
DCE PE dynamic contrast-enhanced peak enhancement
DCE ES dynamic contrast-enhanced enhancement slope
DCE WO dynamic contrast-enhanced washout slope
DWI diffusion weighted imaging
GS Gleason Score
Ktrans volume transfer constant
LR logistic regression
MP multiparametric
MRSI magnetic resonance spectroscopic imaging
PCa prostate cancer
Pz peripheral zone
ROI region of interest
TZ transition zone
Ve fractional extravascular, extracellular volume
Vi fractional luminal volume
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. We differentiated tissues of the prostate by comparing mpMRI and
histopathology.
. mpMRI parameters were characterized separately per zone and by tissue type.
. Logistic regression model fits differentiated cancer from benign tissues.

. Model fits achieved ROC AUCs = 0.91.
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Figure 1:
Images from a 65 year-old male with serum PSA of 9.54ng/ml and GS5+4 prostate

cancer who underwent radical prostatectomy. a) H&E stained histology specimen, b) coil-
corrected T2-weighted FSE image, ¢) ADC map, d) fractional anisotropy map, €) maximal
enhancement slope, f) washout slope. ROIs of cancer (dashed outline), AFMS (slashes), and
cystic atrophy (circles) are highlighted in the histology and ADC images.
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Figure 2:

ng-plots comparing MR parameters in peripheral zone tissues A) ADC, B) T2-weighted
intensity, C) DCE MRI Peak Enhancement, D) DCE MRI Enhancement Slope, E) DCE MRI
Washout Slope F) DCE MRI Peak Time, G) K"as H) vg, 1) v, J) Choline, K) Choline/
(Creatine + Citrate). Letter labels (A, B, C, D) within each plot indicate means that are
significantly different by p-value < 0.05, whereas multiple letter labels for a group indicate
that group is not significantly different from groups with the same labels. Colors highlight
high, middle, and low parameters.
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Figure 3:
Box-plots comparing MR parameters in transition zone tissues A) ADC, B) T2-weighted

intensity, C) DCE MRI Peak Enhancement, D) DCE MRI Enhancement Slope, E) DCE
MRI Washout Slope, F) DCE MRI Peak Time, G) K3 H) vgeg, 1) v, J) Choline, K)
Choline/(Creatine + Citrate). Letter labels (A, B, C, D) within each plot indicate means
that are significantly different by p-value < 0.05, whereas multiple letter labels for a group
indicate that group is not significantly different from groups with the same labels. Colors
highlight high, middle, and low parameters.
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Figure 4:

ROC curves from the logistic regression fits of PCa vs benign tissues for the PZ (red) and
the TZ (blue).
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Figure 5:

Profiler plots with cursors set for parameters between PCa and benign for the TZ model.
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Figure 6:

Profiler plots for the PZ model with cursors set for parameters to compare a) PCa, b)
inflammation and b) cystic atrophy.
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Table 1:
Tissue region of interest (ROI) counts and sizes.
Number Number
. Number of of ROl size (cc)
PRrgs'icg;e 'I_'Ilss%e of patients Nu'r{lcl)o?sr of ROIls Median
9 yP patients (tissue (tissue (Q1, Q3)
group) group)
cys 36 138 0.10 (0.07, 0.16)
42 193 —m——
mBPH 13 55 0.19 (0.13, 0.27)
nTZ 9 9 13 13 0.16 (0.10, 0.23)
inf 31 114 0.07 (0.04, 0.11)
41 168
Transition Zone atr 24 54 0.13(0.09, 0.22)
stroma 20 20 47 47 0.25 (0.17, 0.36)
AFMS 42 42 94 94 0.21 (0.13,0.29)
cTZ 22 22 102 102 0.13 (0.09, 0.20)
Total 617 0.12 (0.08, 0.22)
cys 56 189 0.11 (0.07, 0.16)
61 295
HGPIN 32 106 0.11 (0.08, 0.16)
nPZ 22 22 25 25 0.07 (0.05, 0.10)
Peripheral Zone atr 38 133 0.12 (0.08, 0.18)
58 215
inf 30 82 0.07 (0.05, 0.11)
cPz 57 57 276 276 0.13(0.08, 0.20)
Total 811 0.11 (0.07, 0.16)

Data reported as median (first quartile (Q1), third quartile (Q3)).

Cys = cystic atrophy, mBPH = mixed BPH, nTZ = normal TZ, inf = inflammation, atr = atrophy, AFMS = anterior fibromuscular stroma, cTZ =

cancerous TZ
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Table 2:
Parameter values for peripheral zone tissues
DCEMRIPE  DCEMRIES  DCE MRIWO
ADC T2W_norm DCE MRI pktime
Group  Tissue (10 mm?/sec) (AU) norm norm norm (sec) FA
(%) (% / min) (% / min)
More 2 Cys 1800 = 240 33%011 4316 10043 0.58£2.7 10028 0.16 £0.06
HGPIN 1600 * 260 3.0£0.11 5015 150+ 67 -1.3+24 100+17 0.16 +0.07
nPzZ 1650 + 200 2.7+0.76 46+ 14 100 +43 0.96 +3.7 110+35 0.20+0.05
Less atr 1600 + 270 2.7+0.92 44 +15 100+ 52 1.2+29 110+ 26 0.21+0.08
1
Glandular infl 15004£210  2.3+0.62 51+16 110+54 14+28 120+ 23 0.21+0.09
cPZ 1200 + 260 2.5+0.74 57+ 15 170+ 65 -1.3+3.1 100+ 27 0.19 +0.06
= - .
Group  Tissue Ktra _ Vees w Choline Ch.{)hnei
(ml/g/min) (av) Citrate
More 2 Cys 0.6+0.36 0.41+0.15 0.35+£0.25 710 0.3 +0.27
HGPIN 1.0+0.87 0.41+0.13 0.25+0.25 9+7 0.3+0.24
nPZ 0.5%0.37 0.43+0.12 0.39+0.22 77 0.4+0.33
Less 1 atr 0.4x0.27 0.43+0.13 0.34£0.25 6%5 0.5£0.36
Glandular infl 0.5+0.35 0.50+0.15  0.28+0.21 5+4 0.5+0.32
cPZ 1.2+0.98 0.45+0.12 0.26+0.23 12+16 0.9+0.73

Cys = cystic atrophy, HGPIN = high grade PIN, nPZ = normal PZ, atr = atrophy, inf = inflammation, cPZ = cancerous PZ
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Table 3:
Parameter values for transition zone tissues
) ADC T2W_norm DCE DCE DCE DCE MRIpktime
Group Tissue (10° mm¥/sec) (AU) MRIpe_norm MRIes_n_orm Mleo_lfnorm (sec) FA
(%) (% / min) (% / min})
More Cys 1.6+0.29 2.7+0.83 43+15 100 + 50 -0.2+19 100 + 20 0.18 +0.06
mBPH 1.5+0.22 2.9+0.88 50+ 14 120 +51 0.0+2.5 100 + 25 0.19 +0.04
n1Z 1.5+0.20 2.3+0.64 47 +18 120 + 69 0.0+3.6 120 + 36 0.21%0.05
1 Infl 1.4£0.18 2.2+0.79 53+14 130+53 0.1%+3.0 110+32 0.22 £0.07
Atr 1.5+0.22 2.2+0.93 49+14 110 +45 1.0+25 110+ 23 0.24 +0.07
Less stroma 1.5+0.18 2.2+0.73 60 + 18 130 +42 1.6+2.3 110 +12 0.30 +0.06
Glandular AFMS 1.3+0.23 1.6+0.39 28+ 14 50+ 22 3.4+2.0 110 + 24 0.40 0.08
cTZ 1.1+0.24 1.9+0.53 50 12 140 + 47 -0.8+2.6 100 * 30 0.25+0.07
Group  Tissue Ktrans_ Vees VL Choline Ch_o line /
(ml/g/min) Citrate
More oys 056043  0.40%0.13  0.29%0.25 7.9+7.1 0.34%0.25
mBPH  0.70+050 0.46+0.15 0.17+0.19 9.2+44 0.43+0.24
nTZ 0.76+0.66 0.52+0.23  0.19+0.20 9.3+59 0.59 +0.45
1 Infl 0.70+0.46  0.47+0.16  0.21+0.22 7.3%53 0.54 +0.39
Atr 053+0.37 0.48%0.15 0.21+0.21 8.0+7.8 0.41:+0.33
Less Stroma 0.53+0.31 054%0.13  0.17%0.21 87+49 0.54 +0.33
Glandular AFMS  0.20+0.18 054+021 0.39+0.24 51+4.6 0.40+0.26
[y 0.88+0.56 0.45+0.13  0.29+0.23 11.7+8.6 0.70+0.55

Cys = cystic atrophy, mBPH = mixed BPH, nTZ = normal TZ, inf = inflammation, atr = atrophy, AFMS = anterior fibromuscular stroma, cTZ =

cancerous TZ
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Table 4:

Comparison of parameters in PZ vs TZ

Parameter cystic atrophy normal atrophy inflammation

ratio p-value ratio p-value ratio p-value ratio p-value

ADC 111 <00l 113 <00l 111 <001 109 <001
Tow 120 <001 126 001 126 <001 106 0.4
DCE MRl washout 073 <001 093 046 024 058 110 <001

FA 0.92 0.03 0.95 0.54 087 <0.01 093 0.17
vL 117 0.07 1.99 0.01 157 <001 141 <0.01
creatine 0.82 0.04 0.73 0.34 0.75 0.04 0.74 0.02

*
DCE MRI washout = DCE MRI washout in PZ — TZ; remaining values are ratios of PZ/TZ mean measures.
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Table 5:

Area under the curve (AUC) and confidence intervals (Cl) from training and validation models using repeated
4-fold cross validation.

Model Transition Zone Peripheral Zone

AUC sensspec  AUC Sens spec
Total 093 083 086 091 0.83 085

AUC 95% ClI AUC 95% ClI
Training 093 092 094 091 091 092
Validation 093 090 095 091 089 0.93
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