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Purpose:

Materials and
Methods:

Results:

Conclusion:

To evaluate whether compartmental analysis by using hy-
brid multidimensional magnetic resonance (MR) imaging
can be used to diagnose prostate cancer and determine its
aggressiveness.

Twenty-two patients with prostate cancer underwent preoper-
ative 3.0-T MR imaging. Axial images were obtained with hy-
brid multidimensional MR imaging by using all combinations
of echo times (47, 75, 100 msec) and b values of 0, 750, 1500
sec/mm?, resulting in a 3 X 3 array of data associated with
each voxel. Volumes of the tissue components stroma, epi-
thelium, and lumen were calculated by fitting the hybrid data
to a three-compartment signal model, with distinct, paired
apparent diffusion coefficient (ADC) and T2 values associated
with each compartment. Volume fractions and conventional
ADC and T2 were measured for regions of interest in sites of
prostatectomy-verified malignancy (n = 28) and normal tissue
(n = 71). Receiver operating characteristic (ROC) analysis was
used to evaluate the performance of various parameters in
differentiating prostate cancer from benign tissue.

Compared with normal tissue, prostate cancer showed signifi-
cantly increased fractional volumes of epithelium (23.2% = 7.1
vs 48.8% = 9.2, respectively) and reduced fractional volumes
of lumen (26.4% = 14.1 vs 14.0% = 5.2) and stroma (50.5%
= 15.7 vs 37.2% = 9.1) by using hybrid multidimensional MR
imaging. The fractional volumes of tissue components show
a significantly higher Spearman correlation coefficient with
Gleason score (epithelium: p = 0.652, P = .0001; stroma: p =
—0.439, P = .020; lumen: p = —0.390, P = .040) compared with
traditional T2 values (p = —0.292, P = .132) and ADCs (p =
—0.315, P=.102). The area under the ROC curve for differenti-
ation of cancer from normal prostate was highest for fractional
volume of epithelium (0.991), followed by fractional volumes of
lumen (0.800) and stroma (0.789).

Fractional volumes of prostatic lumen, stroma, and epi-
thelium change significantly when cancer is present. These
parameters can be measured noninvasively by using hybrid
multidimensional MR imaging and have the potential to im-
prove the diagnosis of prostate cancer and determine its

aggressiveness.
NIH RO1 CA172801 and NIH 1S100D018448-01), Philips
Healthcare, and the University of Chicago Medicine Com- o
prehensive Cancer Center. RSNA, 2018
©RSNA, 2018 Online supplemental material is available for this article.
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rostate cancer is the most com-

mon noncutaneous cancer and

second leading cause of death
among men in the United States (1,2).
Multiparametric magnetic resonance
(MR) imaging is increasingly used in
the detection, characterization, and
staging of prostate cancer. Although
MR imaging is very good at depicting
the index lesion, a large number of
prostate cancers go undetected due to
their similarity to the normal gland and
benign conditions (3,4). Therefore, his-
tologic changes remain the reference
standard for cancer detection. MR im-
aging microscopy of fixed prostate tis-
sue with use of a preclinical 16.4-T MR
unit has been used to image individual
prostatic glands at sufficient resolution
(40 pm isotropic) and demonstrated
the different MR properties of gland
microstructures and changes in these
microstructures associated with cancer
(5,6). However, the spatial resolution
of clinical MR images is far too low to
resolve glandular structures as prostate
acini are approximately 0.1 mm in di-
ameter (7).

Contrast on MR images is heavily
dependent on tissue microstructure.
However, most MR signal models are
phenomenological models:
ponential, biexponential, and kurtosis
models. Although some model parame-
ters (eg, apparent diffusion coefficients
[ADCs] and T2 values) have been
widely accepted for prostate cancer
detection clinically, they provide little
information regarding the underlying
complex microstructure (8). More re-
cently, structural models have been
proposed. The Vascular, Extracellular,
and Restricted Diffusion for Cytome-
try in Tumors, or VERDICT, model (9)
characterizes diffusion in three distinct

Implication for Patient Care

B Prostate tissue composition esti-
mated noninvasively by using
hybrid multidimensional MR im-
aging has better diagnostic accu-
racy for detecting prostate
cancer compared with T2 and
apparent diffusion coefficient
values.

monoex-

microstructural compartments and has
the potential to characterize prostate
cancer with good accuracy. However,
the model uses increased cellularity as
the primary marker for cancer. This is
significantly different from histologic
markers that are known to correlate
with prostate cancer (10-13).

The reference standard for deter-
mining the aggressiveness of prostate
cancer is the Gleason grading system,
which is based on tissue architectural
changes evaluated at histologic ex-
amination. In addition to these tissue
architectural changes described by
using the Gleason grading system, tis-
sue composition in prostate cancer is
different from that in normal prostate
(10-12,14). A recent study showed
that fractional volumes of the prostate
gland components stroma, epithelium,
and lumen correlate more strongly with
cancer presence, Gleason grade, and
ADC than “cellularity” metrics (10).
There is increased epithelium and re-
duced lumen and stroma volume in can-
cers, and these changes increase with
increasing Gleason grade. In addition,
stroma, epithelium, and lumen have
distinct diffusivities (5,6) and these
diffusivities therefore might be used as
a biomarker for noninvasive prostate
cancer detection.

Current multiparametric models
implicitly assume that the ADC and
T2 are independent parameters. Thus,
components with different ADCs may
be identified from modeling diffusion
data (5,6) and components with differ-
ent T2 values may be identified from
spin-echo measurements (15-18), but
it is not known whether the different
components identified with diffusion
and T2 measurements have a direct
one-to-one correspondence (8). Recent
work demonstrated that the measured
ADCs and T2 values are strongly inter-
dependent and that this interdepen-
dence is different for different tissue
compartments (19-21). Hybrid multi-
dimensional MR imaging measures the
change in ADC and T2 as a function
of echo time and b value, respectively
(17-19), and uses these changes as a
source of information about the under-
lying tissue microstructure. As a result,

hybrid multidimensional MR imaging
could provide quantitative estimates
of tissue composition by exploiting the
coupled T2 and ADC values associated
with each tissue component. Herein,
we propose a model to estimate the vol-
ume fractions, ADCs, and T2 values of
prostate stroma, epithelium, and lumen
on the basis of their distinct, coupled
diffusion and T2 relaxation properties.
We performed this study to evaluate
whether compartmental analysis with
use of hybrid multidimensional MR im-
aging can potentially be used to diag-
nose prostate cancer and determine its
aggressiveness.

Materials and Methods

Study Patients

This prospective study was conducted
after institutional review board approval
and was in compliance with the Health
Insurance Portability and Accountabil-
ity Act. Informed consent was obtained
from all patients. Twenty-two consecu-
tive patients (the first 22 who agreed to
participate) with an elevated prostate-
specific antigen level and biopsy-proven
prostate cancer who were scheduled for
radical prostatectomy were recruited

hitps://doi.org/10.1148/radiol.2018171130
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for this study at our research center be-
tween March 2012 and December 2016.
Among the exclusions for participation
in the study was previous radiation or
hormonal replacement therapy (which
lead to alterations in prostatic signal
intensity on MR images). Patients un-
derwent imaging before prostatectomy.
One patient was excluded due to an er-
ror in the imaging sequence, and that
precluded compartmental analysis with
hybrid multidimensional MR imaging. A
provisional patent has been filed jointly
by Philips Healthcare and the Univer-
sity of Chicago based on the prostate
tissue composition estimation method-
ology described herein (22). Ten pa-
tients included in our current research
were included in previous articles from
our research group (20,21). The previ-
ous studies were pilot studies of hybrid
multidimensional MR imaging that eval-
uated the changes in ADC and T2 as a
function of echo time and b value, re-
spectively, in prostate tissue. However,
neither of those previous articles esti-
mated tissue composition of prostate
tissue noninvasively with use of com-
partmental analysis of hybrid multidi-
mensional MR imaging data. The mean
patient age was 65 years (range, 44-76
years), and the mean prostate-specific
antigen level before MR imaging was
6.9 ng/mL (range, 2.3-18.9 ng/mlL).

MR Imaging

Patients with previous histologically
confirmed prostate cancer underwent
preoperative multiparametric MR im-
aging with a 3.0-T MR unit (Achieva;
Philips Healthcare, Best, the Nether-
lands) by using a six-channel cardiac
phased-array coil placed around the
pelvis combined with an endorectal
coil (Medrad eCoil; Bayer Healthcare,
Whippany, NJ). A 1-mg dose of glu-
cagon (Glucagon; Eli Lilly & Co, In-
dianapolis, Ind) was injected to limit
peristalsis of the rectal wall. The hy-
brid multidimensional MR imaging
sequence consisted of a spin-echo
module with diffusion sensitizing gra-
dients placed symmetrically about the
180° pulse followed by single-shot
echo-planar imaging readout. This
pulse sequence was used to acquire

images with echo times of 47, 73, and
100 msec. At each echo time, images
were acquired with b values of 0, 750,
and 1500 sec/mm?, resulting in a 3 X
3 array of data associated with each
image voxel. Hybrid multidimensional
MR images were acquired in the axial
plane and oriented perpendicular to
the rectal wall, as guided by sagittal
images. Fat saturation was performed
by using spectrally adiabatic inversion
recovery. The MR imaging parameters
were as follows: repetition time = 3.5
seconds, in-plane resolution = 2.5 X
2.5 mm?2, imaging matrix = 72 X 72,
field of view = 180 X 180 mm?, section
thickness = 3 mm, and reconstruction
matrix = 128 X 128. The acquisition
time was 12-15 minutes.

MR Image Analysis

The patients underwent radical prosta-
tectomy. The prostate was fixed in for-
malin and serially sliced approximately
in the same plane as MR images and
cut into quadrants. Submitted tissue
slices were embedded in paraffin, and
hematoxylin-eosin-stained slides were
made. The slides were evaluated for
prostatic adenocarcinoma by an ex-
pert pathologist (T.A., with more than
10 years of experience). Areas of tu-
mor were marked on the histologic
slides. The quadrant sections were
imaged by using a digital microscope
and stitched together with Photoshop
(Adobe Systems, San Jose, Calif) for
correlation with MR images. The MR
images were analyzed by an expert
radiologist (A.O., with more than 10
years of experience with prostate MR
imaging). Regions of interest (ROIs)
were placed on ADC maps on sites of
prostatectomy-verified malignancy (n =
28) and normal tissue (n = 71) from
different prostate zones and propa-
gated to maps of all parameters. The
data collected were independent and
no repeated measurements were taken
as only one ROI from each distinct
cancer lesion or one ROI representing
normal tissue from each prostatic zone
was taken for every patient. ROIs for
cancer lesions smaller than 5 X 5 mm?
were not marked and excluded from
further analysis. T2 and ADC values

were calculated by using a monoexpo-
nential signal decay model.

Tissue Component Volume

We modeled the MR signal from pros-
tate tissue as unmixed pools of water in
three tissue components: stroma, epi-
thelium, and lumen. Tissue component
volumes were calculated on a voxel-
by-voxel basis by fitting the following
equation with an in-house MATLAB
program (MathWorks, Natick, Mass):

S
+V(-,pm.o]imneXP[*T%Q o ]
epithelium
exp(fl) X ADCcpi\h(‘]ium)
exp(—h x ADClumen ),
where V. V. and V are
stroma P:plthelmm lumen
the volume fractions of each compart-
ment; T2 , T2 o and T2
stroma epithelium lumen
the T2 values for each compartment;
ADC ADC and ADC

stroma’ epithelium” lumen

the ADCs for each compartment; S the
signal intensity at each combination of
echo time and b value; S, the signal in-
tensity at the lowest echo time and b
value; and TE the echo time. Detailed
description of the constraints, assump-
tions, and thresholds chosen from pre-
vious literature values and with some
input from the present data that were
added to the surface-fitting program
by using the nonlinear least squares
method can be found in Appendix E1
(online).

The means * standard deviations
for ADC, T2, and the prostate tissue
component volumes for stroma, epi-
thelium, and lumen for each ROI were
measured in MATLAB. A composite
map to display all three tissue compo-
nents in one image with use of volume
fractions of stroma (green), epithelium
(red), and lumen (blue) was produced.

Statistical Analysis

Statistical analysis was performed by
using software (SPSS; IBM, Armonk,
NY). A two-tailed t test was performed
to assess the differences between
means of calculated metrics from
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cancer and normal prostate tissue. Be-
cause normal prostate tissue from dif-
ferent prostatic zones is histologically
different and appears different on mul-
tiparametric MR images, normal tissue
from different zones are treated differ-
ently for the subsequent analysis. The
difference between means was assessed
with one-way analysis of variance with
the post hoc Tukey honest significant
difference test. Only the analysis be-
tween cancer and normal tissue from
different prostate zones was reported
because the aim was to differentiate
cancer from normal prostate tissue.
The Spearman correlation coefficient
(p) was calculated between Gleason
score and calculated metrics. Receiver
operating characteristic (ROC) analysis
was used to evaluate the performance
of the various parameters in differen-
tiating cancer from normal prostatic
tissue in different prostate zones. The
area under the ROC curve (AUC) was
reported. The Youden index from ROC
analysis was used as a cutoff value to
retrospectively predict the presence of
prostate cancer.

A total of 28 tumor ROIs (11 with
Gleason grade 3+3, 11 with Gleason
grade 3+4, three with Gleason grade
4+3, and three with Gleason grade
4+3) and 71 normal tissue ROIs (20
in peripheral zone, 19 in transition
zone, 17 in central zone, and 15 in an-
terior fibromuscular stroma [AFMS])
were included in the analysis (Table 1
). Figure 1 shows representative tissue
composition maps for stroma, epithe-
lium, and lumen estimated from hybrid
multidimensional MR imaging and cor-
responding T2, ADC, and histologic
maps with cancer sites marked. In the
composite map of tissue composition,
cancers appear red due to increased
epithelium and loss of lumen and stro-
mal volume (see example in Fig 1).
Cancer was predicted as any voxel with
a fractional volume of epithelium high-
er than 40% and fractional volumes of
lumen less than 20% to compare with
histologic images on the basis of the
Youden index (Fig 1).

In cancer, the mean volume (*stan-
dard deviation) was significantly in-
creased in epithelium and reduced in
lumen and stroma compared with that
in normal tissue (epithelium: 48.8% =
9.2 vs 23.2% = 7.1, respectively; lu-
men = 14.0% = 5.2 vs 26.4% *+ 14.1;
stroma = 37.2% = 9.1 vs 50.5% =
15.7). In addition, ADC and T2 values
were lower in cancer (ADC = 0.86 ym?/
msec £ 0.18, T2 = 76.3 msec * 22.9)
compared with normal prostate tissue
(ADC = 1.34 pm?/msec * 0.24, T2 =
104.2 msec = 47.1).

The fractional volumes of tissue
components  from  compartmental
analysis with hybrid multidimensional
MR imaging and conventional ADC and
T2 values are summarized in Table 2.
The results of this study reflect the dif-
ferences in histologic characteristics
and conventional MR parameters (ADC
and T2) between normal tissues from
different prostate zones; therefore, the
differentiation of cancer from normal
prostate tissue in each prostate zone
is different. Analysis of variance with
the post hoc Tukey honest significant
difference test found epithelial volume
fraction was significantly higher (F =
73.337, P=7.6 X 10728) in cancer com-
pared with normal tissue in all prostate
zones. Luminal volume fraction was
significantly lower (F = 41.798, P =
4.3 X 10729 in cancer compared with
normal tissue, except in AFMS, where
no significant difference (P = .22) was
found. Stromal volume fraction was
significantly lower (F = 41.361, P =35.9
X 1072%) in cancer compared with nor-
mal tissue in AFMS and transition zone
but was not significantly different from
normal tissue in peripheral and cen-
tral zones. T2 values were significantly
lower (F =18.203, P =4.2 X 107! in
cancer compared with normal periph-
eral zone, but T2 values were not sig-
nificantly different in cancer compared
with normal transition zone and central
zone tissue. In addition, T2 values in
AFMS were lower than those in can-
cer. ADCs were significantly lower (F
= 33.405, P = 5.3 X 107?!) in cancer
compared with normal tissue from all
prostate zones. Figure 2 shows box
plots of ADC, T2 values, and estimated

Patient and Prostate Cancer Details

Parameter Value
No. of patients 22
Mean age (y)* 65 (44-76)
Mean PSA level (ng/mL)* 6.9 (2.3-18.9)
Tumors marked 28
Gleason score
3+3 11
3+4 11
4+3 3
4+5 3
Cancer location
PZ 19
1Z 5
Cz 2
AFMS 2

Note.—Except where indicated, data are numbers of
patients. AFMS = anterior fibromuscular stroma, CZ =
central zone, PSA = prostate-specific antigen, PZ =
peripheral zone, TZ = transition zone.

* Numbers in parentheses are the range.

tissue compositions of stroma, epithe-
lium, and lumen for cancer and normal
tissue from different prostatic zones.

The mean ADCs from the model fit-
ting for the gland components stroma,
epithelium, and lumen were 1.48 pm?/
msec * 0.19, 0.43 pm?/msec = 0.15,
and 2.81 pm?/msec * 0.13, respec-
tively. The T2 values for stroma, epi-
thelium, and lumen were 79.9 msec
+ 22.9, 50.0 msec = 17.4, and 664.9
msec = 121.1, respectively. The aver-
age ADC and T2 values for each tissue
component from cancer and normal
tissue showed no significant differences
(see Appendix E2 [online]).

Figure 3 shows the correlation of
Gleason score with ADC, T2 values,
and estimated tissue compositions of
stroma, epithelium, and lumen. The
fractional volumes of tissue components
showed a significantly higher Spearman
correlation coefficient with Gleason
score (epithelium, p = 0.652, P =.0001;
stroma, p = —0.439, P = .020; lumen, p
= —0.390, P = .040), as compared with
traditional T2 values (p = —0.292, P =
.132) and ADCGCs (p = —0.315, P = .102)
(Fig 3).

At ROC analysis, the AUC for dif-
ferentiation of cancer from normal
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Figure 1:  Tissue composition maps for stroma, epithelium, and lumen estimated by using hybrid multi-
dimensional MR imaging and corresponding T2, apparent diffusion coefficient (ADC), and histologic maps
with cancer sites marked (cancers had Gleason score of 3+3 in this case). Composite map displays all three
tissue components in one image by using volume fractions of stroma (green), epithelium (red), and lumen
(blue). Cancers appear red owing to increased epithelium and loss of lumen and stromal volume. Cancer was
predicted as any voxel with fractional volume of epithelium higher than 40% and fractional volume of lumen
less than 20%. Cancer 1 is in right transition zone (ADC = 0.93 ym%/msec, T2 = 55.1 msec, volume fraction
in stroma = 43.0%, volume fraction in epithelium = 46.4%, volume fraction in lumen = 10.6%). Cancer 2 is
in left peripheral zone (ADC = 0.94 pm#/msec, T2 = 73.9 msec, volume fraction in stroma = 42.5%, volume
fraction in epithelium = 41.7%, volume fraction in lumen = 15.7%). Normal tissue from peripheral zone are
not shown (ADC = 1.31 pm?/msec, T2 = 87.4 msec, volume fraction in stroma = 51.5%, volume fraction in
epithelium = 22.3%, volume fraction in lumen = 26.2%).

prostate in the entire prostate was
found to be highest for fractional vol-
ume of epithelium (0.991), followed by
fractional volume of lumen (0.800) and
fractional volume of stroma (0.789).
Detailed results from ROC analysis
showing AUCs representing the diag-
nostic accuracy for detection of pros-
tate cancer in each prostatic zone are
shown in Table 3. The epithelium frac-
tional volume showed the highest AUC
in all prostate zones. Importantly, the
combination of the three tissue compo-
nents improves the diagnostic accuracy
for prostate cancer detection, as evi-
denced by AUCs higher than indepen-
dent measurements.

The results of this study show that
prostate tissue composition can be es-
timated noninvasively by using hybrid
multidimensional MR imaging. The
volume of epithelium is increased in
cancer, whereas lumen and stroma vol-
umes, along with ADC and T2 values,
are decreased in cancer as compared
with normal tissue. These trends and
the values reported herein for cancer
and normal tissue from different pros-
tate zones are similar to those reported
in the literature from morphometric
analysis of tissue composition from he-
matoxylin-eosin-stained prostate tissue
(10-12,16). Increasing Gleason score
of prostate cancer showed correlation
with increasing volume fraction of ep-
ithelium and reduced volume fractions
of lumen and stroma. Prostate tissue
composition determined by means of
compartmental analysis of hybrid mul-
tidimensional MR imaging data were
more strongly correlated with Gleason
score than were conventional ADC and
T2 values. Similarly, good correlation of
tissue composition estimated in mor-
phometric histologic studies with Glea-
son grading has been reported in the
literature (10).

ROC analysis showed that in-
creased epithelium and reduced lumen
volume are very effective markers for
the diagnosis of prostate cancer. The
AUC for cancer detection was highest
for epithelium volume fraction. In the

868 radiology.rsna.org = Radiology: Volume 287: Number 3—June 2018
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Table 2

Tissue Composition Estimates with Hybrid Multidimensional MR Imaging and Corresponding T2 and ADCs

Volume Fraction (%)

Parameter ADC (um?/msec) T2 (msec) Stroma Epithelium Lumen No. of ROIs
Normal tissue 1.30 = 0.23 104.2 = 47.1 50.5 = 15.7 232+ 741 26.4 + 141 71
Peripheral zone 1.49 +0.23 1442 +59.3 39.0 = 13.6 215+ 46 39.4 + 141 20
Transition zone 1.37 = 0.19 103.8 = 23.7 489 +7.38 232+49 2719+74 19
Central zone 1.17 = 0.10 98.6 = 23.1 452 + 7.1 29.7 £6.2 251 55 17
AFMS 1.12 = 0.15 57.6 = 18.3 73770 17978 8.4 +56 15
Cancer tissue 0.86 = 0.18 76.3 = 22.9 37.2 =941 488 +9.2 140 = 5.2 28
Gleason 6 0.90 + 0.08 84.8 = 14.2 41194 425 +54 16.4 = 5.1 11
Gleason 7 0.89 = 0.20 69.8 + 26.2 36.3 = 8.1 505+ 75 132+ 49 14
Gleason 9 0.61 = 0.09 75.1 = 30.1 274 +58 635+ 7.7 91 +37 3
Spearman correlation (p) —0.315 —0.292 —0.439 0.652 —0.390
of Gleason score with (—0.617,0.133) (—0.658,0.110) (—0.726, —0.062) (0.322, 0.862) (—0.663, —0.044)
calculated metrics* [.102] [.132] [.020] [.0001] [.040]

Note.—Except where indicated, data are means = standard deviations. ADC= apparent diffusion coefficient, AFMS = anterior fibromuscular stroma, ROls = regions of interest.
* Numbers in parentheses are 95% confidence intervals of the correlation value. Numbers in brackets are Pvalues.

peripheral zone (where most prostate
cancer is located), the AUC for detect-
ing cancer on the basis of epithelial and
lumen volume fractions is higher than
that for conventional T2 and ADC mea-
surements reported in the literature
(23,24). The transition zone is very
heterogeneous, and benign prostatic
hyperplasia in the transition zone can
mimic prostate cancer on multipara-
metric MR images, making prostate
cancer detection difficult (3). The pre-
sent results suggest that cancers in the
transition zone can be better detected
with hybrid multidimensional MR im-
aging compared with conventional
methods; hybrid multidimensional MR
imaging helps detect reduced volume
fractions of stroma and lumen and in-
creased volume fraction of epithelium
in cancers, and this yields higher AUCs
than conventional ADC and T2 values
reported in the literature (25,26). Cen-
tral zone and AFMS cancers are difficult
to diagnose because ADC and T2 values
of normal tissue in these zones are low,
similar to those of cancer (3,27). Our
results suggest that increased epithe-
lial volume fraction and decreased lu-
minal volume fraction in central zone
measured with hybrid multidimensional
MR imaging are markers for cancer. In
the AFMS, low stromal volume fraction
and increased epithelial volume fraction

can be indicative of prostate cancer. Al-
though compartmental analysis of hy-
brid multidimensional MR imaging data
in this study produced greater AUCs
than ADC and T2 measurements, it
should be noted that this comparison
does not account for potential differ-
ences in signal-to-noise ratio. Hybrid
multidimensional MR imaging data
were collected over a longer acquisition
period (12-135 minutes) compared with
ADC and T2 data (3-7 minutes), and
this could influence the comparison of
AUGCs.

The mean ADC and T2 values for
stroma, epithelium, and lumen found
in this study from the model fitting to
hybrid multidimensional MR imaging
data are close to values of ADC and T2
reported in the literature for tissue that
is similar histologically to these three
tissue compartments. The stromal ADC
and T2 values are in the range of values
reported for muscle (28) and similar
to AFMS values. The lumen T2 is close
to the value of the long T2 component
reported from biexponential fitting of
multiecho T2-weighted imaging of pros-
tate tissue (15,16), and the luminal
ADC is lower than that of pure water
owing to the presence of proteins. It
is difficult to identify a good model for
pure epithelium as there is no prostatic
region, even high-grade cancer, that is

composed entirely of epithelium. The
ADC calculated in this study for epi-
thelium is lower than the lowest ADC
measured for any single cancer ROl in
our study and close to a reported ADC
of 0.45 pm?/msec in an ex vivo study
(5). In addition, the epithelium and
stroma T2 values are close to values
for the shorter T2 component reported
from biexponential fitting of multiecho
T2-weighted imaging of prostate tissue
that is attributed to epithelial and stro-
mal component (15,16).

Several previous studies have esti-
mated tissue composition noninvasively
to detect prostate cancer by modeling
MR imaging data. The Vascular, Extra-
cellular, and Restricted Diffusion for Cy-
tometry in Tumors, or VERDICT, model
enables differentiation of cancer from
normal prostate tissue by estimating
tissue cellularity with use of modified
diffusion-weighted imaging sequences
(9). However, it has been shown that
changes in volume fractions of stroma,
epithelium, and lumen estimated from
histologic examination are a better pre-
dictor of prostate cancer than cellularity
and show close correlation with Glea-
son grade (10). Another recent study
showed that luminal volume estimated
by using luminal water imaging could
be used for detecting prostate can-
cer characterized by reduced luminal
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volume fraction compared with benign
normal tissue (16,18). The drawback
of the luminal water imaging model is
highlighted by the low AUC for detect-
ing anterior cancer (0.74)—especially
in the AFMS, where benign tissue has a
similar lumen volume to that of cancer.
In addition, luminal water imaging may
be unable to help separate the stromal
and epithelium tissue compartments
because they have similar T2 values,
and this is crucial for cancer detection
in the AFMS and transition zone. The

T

PZz* TZ"

results of our study show that stromal
and epithelial compartments can be
separated by using hybrid multidimen-
sional MR imaging and anterior cancers
can potentially be diagnosed more re-
liably. In addition, the AUC for pros-
tate cancer diagnosis is improved by
measuring both epithelium and stromal
volume fractions instead of just the lu-
minal volume fraction.

Our study had a number of limi-
tations. Because of the absence of
whole-mount histologic images for

these cases, the volume estimates from
our study were not compared with vol-
umes derived from histologic exami-
nation. This is an important limitation
of our study. This was an exploratory
study to evaluate the feasibility of es-
timating prostate tissue components
noninvasively with hybrid multidi-
mensional MR imaging to aid in can-
cer detection. In the future, we plan
on conducting a study correlating the
volumes of stroma, epithelium, and lu-
men from hybrid multidimensional MR
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imaging with ground truth results from
hematoxylin-eosin-stained  histologic
slices. However, the tissue composition
estimated noninvasively in this study
by using hybrid multidimensional MR
imaging is similar to the composition
reported in the literature with mor-
phometric analysis of hematoxylin-eo-
sin-stained prostate tissue (10-12,16).

ROIs were drawn to define his-
tologically confirmed cancer regions

that were visible on MR images. Con-
sequently, the histologic measures in
these ROIs might be reflective of the
dense region of the cancer rather than
the whole cancer lesion. Sparse tumors
have multiparametric MR imaging fea-
tures, including ADC and T2, that are
similar to those of benign prostatic tis-
sue (29). Therefore, further study of
both dense and sparse tumors is needed
to properly evaluate the diagnostic

Gleason score

Figure 3: Graphs show correlation of Gleason score with
apparent diffusion coefficient (ADC), T2 values, and estimated
tissue compositions of stroma, epithelium, and lumen. Dotted
lines represent 95% confidence interval of the mean.

accuracy of hybrid multidimensional
MR imaging. In addition, tissue compo-
sition for benign features that mimic
prostate cancer on multiparametric MR
images, such as benign prostatic hyper-
plasia, prostatitis, atrophy, and calcifi-
cation, were not analyzed separately in
this study (3). Another study investigat-
ing the use of hybrid multidimensional
MR imaging to characterize these con-
ditions is needed.

Radiology: \/olume 287: Number 3—June 2018 = radiology.rsna.org

87



Radiology

GENITOURINARY IMAGING: Noninvasive Estimation of Prostate Tissue Composition

Chatterjee et al

Table 3

AUCs for Tissue Composition Estimates in Differentiating Cancer from Normal Prostate Tissue

Cancer Location ~ Volume Fraction in Stroma

Volume Fraction in Epithelium

Volume Fraction in Lumen

All Three Gland Components

0.789 (0.699, 0.879) [8.0 X 10-¢]
0.596 (0.423, 0.770) [.259]

Entire prostate )
)

0.855 (0.742, 0.969) [4.2 X 10~9]
)
)

Peripheral zone

Transition zone
Central zone 0.754 (0.608, 0.900) [.005]
AFMS 1.000 (1.000, 1.000) [8.7 X 10-9]

0.991 (0.978, 1.000) [3.2 X 1014
1.000 (1.000, 1.000) [4.8 X 109
0.996 (0.986, 1.000) [4.1 X 10-¢]
0.968 (0.916, 1.000) [1.8 X 10~7]
1.000 (1.000, 1.000) [8.7 x 1079]

0.800 (0.715, 0.885) [4.0 X 10-9]
0.987 (0.963, 1.000) [1.1 X 1079
0.942 (0.870, 1.000) [3.5 X 10-7]
0.922 (0.838, 1.000
0.233 (0.075, 0.392) [.004]

[3.0 x 1079

0.994 (0.984, 1.000) [2.2 X 10-14]
1.000 (1.000, 1.000) [4.8 X 10-9]
1.000 (1.000, 1.000) [8.1 X 10-9]
0.975 (0.931, 1.000) [1.2 X 107
1.000 (1.000, 1.000) [8.7 X 10-9]

Note.—Data are areas under the receiver operating characteristic curve. Numbers in parentheses are confidence intervals. Numbers in brackets are P values. AFMS = anterior fibromuscular stroma.

In conclusion, in this study we
showed that prostate tissue composition
can be estimated noninvasively by using
hybrid multidimensional MR imaging.
The fractional volumes of prostatic lu-
men, stroma, and epithelium change
significantly when cancer is present.
The fractional volumes of the prostate
tissue components stroma, epithelium,
and lumen estimated noninvasively by
using hybrid multidimensional MR im-
aging can be used for detecting pros-
tate cancer and correlate more strongly
with Gleason score than conventional
T2 and ADC maps. The fractional vol-
ume of epithelium is higher and frac-
tional volumes of lumen and stroma are
lower in cancer compared with benign
tissue. These novel quantitative param-
eters have the potential to improve the
diagnosis of prostate cancer and deter-
mine its aggressiveness.
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