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Abstract

Objectives: The objectives of this exploratory study were to investigate the feasibility
of multidimensional diffusion magnetic resonance imaging (MddMRI) in assessing diffusion
heterogeneity at both a macroscopic and microscopic level in prostate cancer (PCa).

Materials and Methods: Informed consent was obtained from 46 subjects who underwent
3.0-T prostate multiparametric MRI, complemented with a prototype spin echo—based MddMRI
sequence in this institutional review board—approved study. Prostate cancer tumors and
comparative normal tissue from each patient were contoured on both apparent diffusion
coefficient and MddMRI-derived mean diffusivity (MD) maps (from which microscopic diffusion
heterogeneity [MKi] and microscopic diffusion anisotropy were derived) using 3D Slicer. The
discriminative ability of MddMRI-derived parameters to differentiate PCa from normal tissue was
determined using the Friedman test. To determine if tumor diffusion heterogeneity is similar on
macroscopic and microscopic scales, the linear association between SD of MD and mean MKi was
estimated using robust regression (bisquare weighting). Hypothesis testing was 2 tailed; P values
less than 0.05 were considered statistically significant.

Results: All MddMRI-derived parameters could distinguish tumor from normal tissue in the
fixed-effects analysis (£ < 0.0001). Tumor MKi was higher (P < 0.05) compared with normal
tissue (median, 0.40; interquartile range, 0.29-0.52 vs 0.20-0.18; 0.25), as was tumor microscopic
diffusion anisotropy (0.55; 0.36-0.81 vs 0.20-0.15; 0.28). The MKi could not be predicted (no
significant association) by SD of MD. There was a significant correlation between tumor volume
and SD of MD (R2 = 0.50, slope = 0.008 pm2/ms per millimeter, £< 0.001) but not between tumor
volume and MKi.
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Conclusions: This explorative study demonstrates that MddMRI provides novel information on
MK:i and microscopic anisotropy, which differ from measures at the macroscopic level. MddMRI
has the potential to characterize tumor tissue heterogeneity at different spatial scales.
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multiparametric magnetic resonance imaging; prostate cancer; diffusion-weighted imaging;
macroscopic diffusion heterogeneity; microscopic diffusion heterogeneity; anisotropy

Prostate cancer (PCa) is a heterogeneous cancer, with intertumoral and intratumoral
heterogeneity thought to be a major reason for variable clinical outcomes, even among
patients with tumors of similar histologic type, stage, and grade.? Resultant challenges in
risk prediction could potentially be addressed with a noninvasive method of characterizing
heterogeneity.

Diffusion-weighted imaging (DWI) can discriminate indolent from clinically significant
PCa.3-® The apparent diffusion coefficient (ADC) value, derived from DWI, has a negative
correlation with pathology Gleason grade®10 and with tumor cellularity on pathology.!? It
is thought to be determined by water diffusion in luminal and ductal space'213 and cellular
density.14 Diffusivity parameters such as ADC or mean diffusivity (MD) derived from
diffusion tensor imaging can probe tumor diffusion heterogeneity on a macroscopic level
by comparing values across voxels. However, for any single voxel, these parameters capture
the average rate of diffusion and are therefore insensitive to the diffusion heterogeneity
within the individual voxel, that is, heterogeneity on the “microscopic” scale. There has
been much interest of late in novel diffusion imaging sequences for assessment of PCa.1516
Microstructure magnetic resonance imaging (MRI) techniques that use biophysical models
to estimate apparent cellular volume fractions have demonstrated improved differentiation of
PCa from benign prostate tissue in comparison to standard ADC,1718 with early attempts
to also incorporate diffusion time dependence and T2-dependence to characterize tumor.19
Model-free approaches seek to create signal representations to probe diffusional kurtosis,20
which can capture tissue heterogeneity on the subvoxel scale,?122 such that a mixture of
dense and loose tissue will exhibit a mixture of slow and fast diffusivity, and high kurtosis.
However, all examples of advanced diffusion encoding in prostate to date rely on diffusion
encoding along a single direction per signal readout and therefore conflate the effects of
variable diffusivity, microscopic diffusion anisotropy (MKa), and orientation dispersion.3

Multidimensional diffusion MRI (MddMRI),2324 unlike other advanced diffusion
techniques, can measure MKa separate to other kinds of diffusional heterogeneity, none

of which is possible with conventional diffusion encoding. Multidimensional diffusion MRI
separates anisotropic and isotropic (MKa and microscopic diffusion heterogeneity [MKi])
contributions of diffusional kurtosis in a given voxel. Microscopic diffusion heterogeneity
reflects the average microscopic variance of directional diffusion (diffusion anisotropy),
and MK:i reflects the average microscopic variance of directionally invariant diffusivities
(isotropic diffusivities). Diffusion analysis with MddMRI has previously been deployed to
characterize the microstructure of the brain.2>-27 However, the potential of MddMRI has
yet to be explored in the context of PCa imaging. The current challenges in PCa imaging,
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such as difficulty in finding sparse tumors interspersed between normal-appearing tissuel3:28
or indeed identification of aggressive cribriform-shaped cells,2% underscore the need for
measures of both microstructure anisotropy and heterogeneity to be investigated.

The primary goal of this exploratory study was to determine the feasibility of MddMRI in
assessing prostate tissue diffusion heterogeneity and anisotropy at different spatial scales,
both between voxels (macroscopic) and within voxels (microscopic), in a clinical population
of patients suspected of having PCa. We explored how MKi and MKa varied across tumor,
normal peripheral zone (nPZ), and normal transitional zone (nTZ), to determine if the
addition of MKi and MKa provides novel information, which would motivate the future use
of MddMRI in a larger clinical study.

MATERIALS AND METHODS

Patients

This prospective feasibility study was approved by the institutional review board and in
compliance with the Health Insurance Portability and Accountability Act. Written informed
consent was prospectively obtained from 55 men, who had a clinical suspicion of having
PCa and were referred for prostate mpMRI examinations between July 2018 and September
2019.

MRI Data Acquisition

All MRIs were performed at 3 T (Prisma; Siemens Healthcare, Erlangen, Germany) using an
18-channel pelvic phased array coil3° and supplemented with a prototype spin echo-based
MddMRI sequence.3! Conventional DWI protocol was acquired with the vendor-provided
echo planar spin echo sequence in an axial plane with b-values of 50 and 1400 s/mm?

along 6 independent directions. The following imaging parameters were used: TE (echo
time) = 64 milliseconds, TR (repetition time) = 4800 milliseconds, FOV (field of view) =
219 x 112 mm?, acquisition matrix = 90 x 46, in-plane resolution 2.4 x 2.4 mm?, slice
thickness = 4 mm without gap, averages = 1 (b = 50 s/mm?) and 14 (b = 1400 s/mm?), no
in-plane acceleration, partial Fourier = 0.75, 6 = 9.7 milliseconds, A = 19.1 milliseconds,
and diffusion time = 15.9 milliseconds. The ADC and fractional anisotropy (FA) maps were
calculated using the scanner software.32

Multidimensional diffusion MRI was used to acquire data in axial planes congruent with
the DWI protocol. The pulse sequence uses gradient waveforms that encode diffusion along
multiple directions with each signal preparation. Instead of describing the experiment with
a single b-value and encoding direction, it is described with a b-tensor that can have full
rank.24 In this study, we used both linear and spherical b-tensors. The linear and spherical
variants are used to yield maximal and minimal sensitivity to MKa, respectively. By
comparing the linear and spherical b-tensors in a statistical kurtosis signal representation, we
measured diffusion non-Gaussianity caused by MKa and isotropic diffusion heterogeneity
(MK:i).23:33 The following imaging parameters were used: TE = 75 milliseconds, TR =
2400 milliseconds, FOV = 260 x 260 mm?, acquisition matrix = 130 x 130, in-plane
resolution 2 x 2 mm?, slice thickness = 4 mm without gap, partial Fourier = 6/8, and
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in-plane acceleration factor 2 (generalized autocalibrating partially parallel acquisition). We
used b-values of 200, 500, 800, 1100, and 1400 ss/mm?2 in 8, 8, 12, 10, and 12 independent
directions (linear b-tensor encoding) and 200, 500, 800, and 1100 s/mm? repeated 6, 6, 8,
and 10 times (spherical b-tensor encoding), respectively. Waveforms for spherical encoding
were optimized numerically and compensated for concomitant gradient effects.3435 To
achieve minimal TE, the waveforms were not matched with respect to their diffusion time
spectra,38 and a single diffusion time that holds for all encodings cannot be formulated. The
total scan time for MddMRI was less than 4 minutes.

Before model fitting, the data were smoothed in-plane with a Gaussian filter with a
standard deviation of 1.2 mm. Motion correction was not applied. The signal representation
described by Westin et al?* was used to calculate the MD, MKa, and MKi, according to the
implementation of the multidimensional diffusion framework.24 The sum of MKi and MKa,
which is similar to the mean kurtosis of DKI,33 was also computed.

Image Analysis

All regions of interest (ROIs) were volumetrically annotated and analyzed using 3D Slicer3’
by a radiologist with 18 years of experience in GU imaging (FMF). For each case, the

reader confirmed its diagnostic quality before contouring. Prostate pathology reports were
available to the radiologist at the time of image analysis. Prostate cancer foci were pathology
confirmed with either transrectal ultrasound—guided prostate biopsy, with MR-US—guided
fusion biopsy and/or with radical prostatectomy. Both ADC maps (b1400) and MddMRI-
derived MD maps for tumor ROIs (when present) were annotated, as previously described.38
The tumor ROIs were identified based upon both a PI-RADS v2.1 assessment score of either
4 or 5% (indicating that clinically significant cancer was likely present) and pathological
proof of PCa per review of the electronic medical records. In all cases of diagnostic quality,
normal-appearing ROIs (normal ROIs) were placed on both PZ and TZ areas without
evidence of tumor, on the side contralateral to the tumor ROI but on the same or adjacent
axial slice.38 The ADC metrics were obtained from ADC map contours, and the MddMRI
parameters (MD, MKa, MKi, and MD) were extracted from MD map contours. Figure 1
demonstrates a typical segmentation of tumor ROI and normal ROI in the prostate.

Two cases underwent detailed exploratory MRI correlation with corresponding hematoxylin-
eosin-stained pathology tissue sections. In these 2 cases, FA was also obtained from the MD
contour, as a measure of anisotropy at the voxel level.

Correlative Clinical and Pathological Data Extraction

Prostate gland volumes3® were obtained from the MR prostate report. The following

data were obtained from the EMR: age, serum prostate-specific antigen (PSA), clinical
stage, pathology confirmation of PCa, method of pathology confirmation (biopsy and/or
prostatectomy), and highest Gleason score. The PSA density was calculated using prostate
volume and PSA serum level closest to the date of the mpMRI.
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Statistical Analysis

RESULTS

Patient demographics were compared between those with and without tumor using Wilcoxon
rank sum tests. Correlation between mean ADC and mean MD for both normal ROIs and
tumor ROIs was assessed with Spearman rank correlation. Prostate diffusion heterogeneity
on a macroscopic scale (mean and SD of MD) and on a microscopic scale (isotropic
diffusion heterogeneity mean MKi) and microscopic tissue anisotropy (mean MKa) were
compared between the tumor ROIs and normal ROIs. Comparisons were performed in
patients with pathology-proven tumors using the Friedman test to account for multiple
measurements per patient (ie, tumor, nPZ, and nTZ measurement). Receiver operating
characteristic (ROC) curves were generated to visualize how mean ADC and mean MddMRI
metrics performed in the differentiation of tumor ROI and normal ROI.

To determine if tumor MK reflects the same information as diffusion heterogeneity on
a macroscopic scale, the linear association was estimated between SD of MD and mean
MKi using robust regression (bisquare weighting). Tumor ROIs were divided by their
median volume into 2 groups and analyzed separately to account for tumor ROI volume
as a potential confounder of diffusion heterogeneity. Due to the larger volume of normal
ROIs, Spearman rank correlation was used to obtain a correlation coefficient between
SD of MD and the mean of MKi for nPZ and nTZ. Analyses were performed using R
(version 3.6.1), SAS 9.4 (SAS Institute Inc, Cary, NC), and Matlab version 9.6.0.1214997
(R2019a). Hypothesis testing was 2 tailed, and P values less than 0.05 were considered
statistically significant. Summary statistics were used to describe the demographic and
imaging characteristics of the sample.

Informed consent was obtained in 55 patients, and MddMRI acquisition was feasible in all
cases. Nine cases were excluded from the final analysis due to prior PCa treatment (n =

6) or failure to complete the full MR examination (n = 3). Patient flowchart is provided in
Figure 2. Thus, 46 patients were included in this analysis (mean age, 67 + 7 years). The
median PSA level was 5.68 ng/mL (interquartile range [IQR], 4.33-8.08), and the median
PSA density was 0.10 ng/mL2 (IQR, 0.08-0.16), with no significant difference between
those with PCa compared with those without PCa. The median prostate gland volume

was 55 mL (IQR, 37.3-72), with a higher volume in those without PCa (62.0 mL; IQR,
45.20-88.0) compared with those with PCa (45.0 mL; IQR, 35.10-66.0) (P= 0.018). Patient
demographic data are provided in Table 1. Prostate cancer was pathologically proven in
50% (n = 23) of patients, all of whom had tumor ROIs identified and contoured. A total of

6 tumors were in the TZ and 17 in the PZ. Tumor was pathologically confirmed through
MR-US fusion biopsy in 74% (n = 17) and transrectal ultrasound—guided systematic biopsy
in 26% (n = 6) of patients. Eight patients underwent radical prostatectomy with whole gland
pathology analysis. The mean time between the prostate biopsy and MddMRI was 3.4 + 2.5
months. The median MddMRI-based tumor volume was 256 mm?3. An illustrative example
of contoured MddMRI-derived metrics and ADC in a pathologically proven Gleason score 4
+ 3 tumor is demonstrated in Figure 3.
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The mean ADC and MddMRI-derived MD showed a moderate to strong correlation, as
outlined in Figure 4. Spearman rank correlations (ps) between ADC and MD were as
follows: tumor ROI (pg = 0.89; 95% confidence interval [Cl], 0.80-0.96; £ < 0.0001);
normal ROI nTZ (pg = 0.63; 95% ClI, 0.41-0.78; £< 0.0001); and normal ROI nPZ (pg =
0.59; 95% Cl, 0.35-0.75; £< 0.0001).

The Friedman test provided evidence that median MD significantly decreased sequentially
from nPZ (1.78 pm2/ms) to nTZ (1.38 pm2/ms) to tumor (1.07 pm2/ms) (P < 0.0001). In
contrast, median MKa and MKi increased from nPZ to nTZ to tumor as follows: MKa
(0.20 [nPZ], 0.37 [nTZ], 0.55 [tumor], A< 0.0001) and MKi (0.20 [nPZ], 0.32 [nTZ],
0.40 [tumor], = 0.0001). All MddMRI-derived parameters (mean MD, mean MKi, and
mean MKa) could distinguish tumor ROIs from normal ROIs with a statistically significant
difference (P < 0.0001) (see Table 2). The area under the curve (AUC) ROC analyses

for differentiating tumor ROI from normal ROI were as follows: ADC was 0.95; MD,
0.96; MKa and MKi combined, 0.90, as outlined in Figure 5. The AUC ROC analyses

for differentiating nonclinically significant PCa (ie, Gleason score of 6) from clinically
significant PCa (ie, Gleason score of 7 or more) were as follows: ADC, 0.66; MD, 0.63;
MKa and MKi combined, 0.62, as outlined in Figure 6.

Microscopic diffusion heterogeneity could not be predicted by macroscopic diffusion
heterogeneity (SD of MD): there was no correlation between mean MKi and SD of MD

(ps = 0.10; 95% CI, -0.34 to 0.50; P = 0.67) within tumor nor within normal prostate tissue
(nPZ: ps = 0.01; 95% ClI, 0.28-0.30; P=0.96; nTZ: ps = 0.05; 95% ClI, 0.24-0.35; P=
0.74).

There was a significant correlation between tumor volume and macroscopic heterogeneity
(A% =0.50, slope = 0.008 pm2/ms per millimeter; £< 0.001) (see Fig. 7), but no significant
correlation between tumor volume and MKi. To determine if smaller tumor ROI volumes
could be potential confounders of diffusion heterogeneity, tumor ROIs were dichotomized
tumors based on median volume (smaller, <256 mms3, n = 12 and larger, >256 mm3, n = 11),
but no significant linear correlation was found (see Fig. 7).

Although detailed pathological correlation for all cases with tumor is outside the scope of
this exploratory study, Figure 8 is a pictorial example of 2 patients with tumors of the same
grade with relatively similar MKi but markedly different FA (indicative of different levels of
macroscopic and microscopic anisotropy), and how hematoxylin-eosin from prostatectomy
specimens may help explain our findings.

DISCUSSION

In this exploratory study, we show that MddMRI is technically feasible in men suspected of
having PCa, and that it has the potential to provide several novel imaging parameters for in-
depth assessment of both macroscopic and microscopic PCa heterogeneity. We demonstrate
that macroscopic and microscopic diffusivity parameters vary across normal tissue and
within areas of the tumor. As with prior studies, mean ADC and MD are decreased within
areas of tumor, but this study uniquely demonstrates that MKi and microscopic tissue
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anisotropy increase from nPZ to nTZ to tumor. In addition, MKi could not be predicted by
macroscopic diffusion heterogeneity. This exploratory study therefore provides motivation to
study MddMRI in a future, larger clinical study.

As expected, the positive correlation between ADC and MD is reflective of the fact that
both measurements are influenced by tissue density within the voxel.11 Although both
reflect diffusion on a macroscopic level, the observed differences may be explained by the
fact that the measurements are derived from different imaging protocols, different signal
representations, and different postprocessing methods. A potential advantage of using MD
is that it captures a quantity that correlates with ADC, but due to the different signal
representation, it is free of bias from non-Gaussian diffusion and b-value dependence.20

Another validation of metrics derived from MddMRI is the sum of MKi and MKa, which are
expected to represent established kurtosis metrics,2 and indeed in our study, we found the
summation of MKi and MKa values to be similar to previously reported diffusion kurtosis in
earlier prostate diffusion imaging studies.#0:41

This study shows that MKi and MKa increase from nPZ to nTZ to tumor. Although these
findings require further validation in larger numbers with detailed histology correlation,
they are likely related to an increase in within-voxel diffusion heterogeneity from nPZ to
nTZ to tumor and may be reflective of the differences in relative compartment volumes of
epithelium, stroma, and ductal space between normal PZ and TZ and tumor.#2

A possible limitation of subvoxel metrics is that similar features manifest on the
macroscopic scale and therefore offset the need for more advanced imaging methods to
measure them. Therefore, we tested if macroscopic and microscopic variances in diffusivity
were correlated but found no evidence for such. Therefore, it is likely that the macroscales
and microscales may indeed reflect different structural features of prostate tissue, suggesting
that both be further explored.

The absence of correlation between macroscopic diffusion heterogeneity (SD of MD) and
MKi implies that tissue heterogeneity at the scale of voxels is independent of microscopic
tissue heterogeneity, which is novel. Elevation of either measure may be associated with
an unfavorable clinical outcome, but such association must be confirmed in future studies.
As tumor volumes varied, we investigated whether tumor ROI size could be a cofounder
of microscopic or macroscopic heterogeneity. With increasing tumor size, macroscopic
diffusion heterogeneity increases, but microscopic heterogeneity does not. Moreover, we
found that tumor size may confound the interpretation of macroscopic heterogeneity.

Monoexponential ADC is considered standard of care for assessment of patients who have a
clinical suspicion of having PCa and is an established predictive biomarker for PCa.”:8:28:38
The ROC analysis in differentiating tumor from normal tissue found AUC values similar

to those published previously for ADC,*3 validating our measurements. It is difficult to
improve on an AUC of 95% in differentiation of tumor and benign tissue, and indeed

the combined MddMRI parameters MKa + MKi do not improve on the differentiation
(AUC 90%). However, the goal of this exploratory study was not to improve upon the
differentiation of cancer from benign tissue, but rather to determine if MddMRI is capable
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of providing new quantitative information related to both macroscopic and microscopic
diffusion heterogeneity.

The clinical interpretations of the novel microstructural imaging biomarkers MKi and MKa
are as yet unknown and will require a detailed correlative histopathology.#445 However,
the theoretical benefit of MddMRI is that it can distinguish between non-Gaussianity
caused by MKa and the presence of multiple isotropic diffusivities (MKi) on the subvoxel
scale. These parameters have been previously linked to anisotropic cell structures and
variable cell density by quantitative histology in intracranial tumors,33 features that may
provide valuable biomarkers but are beyond the reach of conventional quantitative diffusion
imaging methods.3® An ability of MddMRI to assess PCa heterogeneity and anisotropy

on a microscopic level offers possibilities for further exploration of prostate tumor
microstructure, including detection of sparse tumor and assessment of tumor cell type,
which are challenges with current prostate MRI.

This study has several limitations. First, only half of our patient population had a
pathological PCa diagnosis, and many of these tumors were small, limiting our correlative
analysis. The number of tumors in the transitional zone was small, preventing comparison
with peripheral zone tumors, although this was not the goal of this exploratory study.
Furthermore, the ROIs were independently defined on ADC and MD maps, and although
visually confirmed to be in the same anatomical location, there is risk of incomplete overlap.
Another limitation is that the value and meaning of MddMRI parameters in the prostate will
need to be validated in a larger patient population with detailed histopathology correlation.
Further studies are necessary to consider the effects of relaxation, exchange, diffusion time,
and microscopic kurtosis to avoid confounding factors in the analysis.36:46 Indeed, if the
multi-Gaussian approximation is violated, the waveforms used herein may interact with

the tissue geometry and manifest as a parameter bias.*’ Finally, parameter averages and
standard deviations are sensitive to partial volume effects and therefore depend on spatial
resolution. Using larger voxels increases the risk of conflating heterogeneous diffusion on
the microscopic scale with partial volume effects.

In conclusion, this exploratory study demonstrates that MddMRI is feasible and valid for
assessing prostate tissue diffusion heterogeneity on both macroscopic and microscopic
scales and can also provide an estimate of MKa in a clinical population of patients
suspected of having PCa. We found no evidence that macroscopic and microscopic
diffusion heterogeneity reflect the same tissue features, indicating that these are independent
quantities. Considering the interpatient and intrapatient heterogeneous nature of PCa and
armed with the knowledge that studies in other tumor types have demonstrated a role for
multidimensional microstructure imaging in cancer diagnosis,* a role for MddMRI in PCa
looks very promising, prompting further investigation of advanced microscopic imaging
techniques for PCa assessment.
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FIGURE 1.
Example of prostate segmentation on MRI of tumor (1), nPZ (2), and nTZ (3) using 3D

Slicer in a 67-year-old man. Radical prostatectomy 5 months post-mpMRI examination
revealed Gleason grade group 3 (Gleason score 4 + 3 = 7), with 60% Gleason pattern 4. Top
row (A-C) shows axial MD map slices through different axial levels, and bottom row (D and
E) shows different axial slices through ADC maps. Image F is a T2-weighted image at the
same axial level as image D, with the tumor lesion indicated by an asterisk.
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Written informed consent prospectively obtained in men with a clinical
suspicion of having prostate cancer who were referred for prostate
mpMRI examinations between July 2018 and September 2019
n=55

Excluded (n=9)
- Prior prostate cancer treatment (n=6)
- Failure to complete entire protocol (n=3)

v

Final study cohort

n=46
Pathological No pathological
confirmation of prostate confirmation of prostate
cancer cancer
n=23 n=23

FIGURE 2.
Flowchart outlining the total patient number in whom informed consent for study

participation was obtained, number of patients excluded and reason for exclusion from
the study, and number of patients in whom a pathological diagnosis of prostate cancer was
made.
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FIGURE 3.
Prostate MRI in a 66-year-old man with confirmed Gleason grade group 2 (Gleason score

3 + 4) on transrectal ultrasound—guided biopsy. Top row: (A) DWI (b = 1400 s/mm?), (B)
ADC map, (C) T2-weighted image; and bottom row: (D) MKa, (E) MKi, and (F) MD,
through the same axial slice. These maps show a well-defined focal lesion in the left anterior
prostate (contoured on 3D Slicer on image A) demonstrating high signal on A, restricted
diffusion on B, and is ill-defined on T2 weighted images (C). Likewise, there is diffuse low
signal on F, but heterogeneous increased microscopic tissue diffusion heterogeneity (E) and,
to a lesser degree, slightly increased microscopic tissue anisotropy (D). This is an example
of how measures of macroscopic and microscopic diffusion heterogeneity appear grossly
dissimilar, with the addition of microscopic diffusion heterogeneity likely providing novel
information.
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0.0 0.5 1.0 1.5
MD Mean (um?/ms)

2.0

nPZ © nTZQ Tumor ©

FIGURE 4.
Graphs show correlation between ADC (um%/ms) and MD (um?2/ms) for tumor (ps, 0.89;

Cl, 0.80-0.96), nPZ (ps, 0.59; Cl, 0.35-0.75), and nTZ (p, 0.63; Cl, 0.41-0.78) (all s <
0.0001). Lines are lines of best fit.
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Mean MD AUC: 0.96
Mean ADC AUC: 0.95
Mean MKA AUC: 0.89

Mean MKT AUC: 0.90

| | | | | |
1.0 0.8 0.6 04 0.2 0.0
Specificity
FIGURE 5.
ROC analysis using AUC for both ADC and MddMRI parameters (MD, MKa, MKi)

in differentiating tumor ROI versus normal ROI. ROC indicates receiver operating
characteristic curve; AUC, area under the curve; and ROI, tumor region of interest.
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Gleason score comparison (means)

Mean MD AUC: 0.63
Mean ADC AUC: 0.66
Mean MKA AUC: 0.56

Mean MKT AUC: 0.62
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FIGURE 6.
ROC analysis using AUC for both ADC and MddMRI parameters (MD, MKa, MKi) in

differentiating nonclinically significant (Gleason score 6, Gleason grade group 1) from
clinically significant (Gleason score =7, Gleason grade group 2—4) prostate cancer. ROC
indicates receiver operating characteristic curve; AUC, area under the curve; and ROI,
normal region of interest.
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FIGURE 7.

Top row (A and B) outlines associations between tumor volume and microscopic diffusion
heterogeneity and macroscopic diffusion heterogeneity. There was no significant correlation
between tumor volume and microscopic diffusion heterogeneity (A, £=0.2), whereas

there was a significant correlation between tumor volume and macroscopic heterogeneity
(B, R2 =0.50, slope = 0.008 pm?2/ms per millimeter, 2< 0.001). Bottom row (C and D)
outlines association between macroscopic diffusion heterogeneity and microscopic diffusion
heterogeneity for all tumors (C), and when dichotomized by median volume into larger (red)
and smaller (blue) tumors (D). No significant correlations were found between macroscopic
and microscopic diffusion heterogeneity for all tumors evaluated together (C, 7= 0.9) or
when evaluated separately for small and big tumors (D, £=0.7 and P= 0.2, respectively).
MKi indicates microscopic diffusion heterogeneity; SD of MD indicates macroscopic
diffusion heterogeneity.
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Gleason score 3+4 (15% grade 4)
FA =0.15 (low)

MKa = 0.86 (high)

Mki = 0.32 (moderate)

Gleason score 3+4 (30% grade 4)
FA = 0.39 (high)

MKa = 1.38 (very high)

Mki = 0.39 (moderate)

FIGURE 8.
Pictorial example of how the morphological components on histology in 2 different

tumors of the same grade can be reflected in quantitative MddMRI measurements. Two

RP cases with similar MKi, elevated and slightly different MKa, and markedly different

FA (indicative of different levels of macroscopic anisotropy), and their corresponding
morphological findings. Top 2 rows are hematoxylin-eosin-stained sections. Their
corresponding Gleason score, FA, MKa, and MKi values are displayed in the table below.
Case A is a mix of multidirectional, ill-defined stroma (black arrow) and neoplastic
glandular structures. At the voxel level, the anisotropic microscopic features are randomly
oriented, which may explain the low FA (ie, diffusion being close to isotropic). However,
at the level of individual cells (ie, the microscopic level), it is possible that diffusion may
occur predominantly along 1 direction, with a resultant high MKa. The moderately elevated
MKi reflects the presence of nonuniformity of tissue diffusion at the microscopic level,

that is, a mixture of luminal space with almost unhindered diffusion, glandular tissue with
moderately hindered diffusion, and large amounts of stromal tissue with markedly hindered
diffusion. Case B demonstrates a more moderate amount of stroma, which appears more
well organized over longer distances along 1 direction, that is, fascicular (red arrows), thus
both FA and MKa are higher. The higher MKa in case B may indicate slightly different
architecture at the cellular level as well. As in case A, the tissue architecture variety appears
relatively evenly distributed between luminal space, glandular cells, and stromal cells, thus
MKi is moderately elevated. Abbreviations: GP, Gleason pattern; FA, fractional anisotropy;
MKa, microscopic tissue anisotropy; MKi, microscopic diffusion heterogeneity. Note: Final
Gleason score is based on evaluation of the entire RP, but only select hematoxylineosin—
stained images are shown and may not represent the final Gleason score.
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TABLE 2.

Measures of Macroscopic and Microscopic Heterogeneity

Variable Normal ROI,PZ Normal ROI, TZ Tumor ROI

MD, um?/ms

Median 1.78 1.38 1.07

Interquartile range 1.52,1.89 1.35,1.56 0.82, 1.30

p* <0.0001

MD (SD)

Median 0.13 0.12 0.11

Interquartile range 0.08, 0.15 0.10, 0.15 0.08,0.13

p* NS

MKi

Median 0.20 0.32 0.40

Interquartile range 0.18, 0.25 0.27,0.36 0.29, 0.52

p* 0.0001

MKa

Median 0.20 0.37 0.55

Interquartile range 0.15, 0.28 0.25, 0.41 0.36, 0.81
* <0.0001

P

Comparison of MddMRI-derived parameters in distinguishing tumor ROIs from normal ROls.

*
Friedman test Pvalue.

Page 21

Normal ROI PZ, normal region of interest within peripheral zone of prostate; normal ROl TZ, normal region of interest within transitional zone of

prostate; tumor ROI, tumor region of interest.
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