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To compare diagnostic accuracy of T2-weighted magnetic resonance
(MR) imaging with that of multiparametric (MP) MR imaging com-
bining T2-weighted imaging with diffusion-weighted (DW) MR im-
aging, dynamic contrast material-enhanced (DCE) MR imaging, or
both in the detection of locally recurrent prostate cancer (PCa) after
radiation therapy (RT).

This retrospective HIPAA-compliant study was approved by the insti-
tutional review board; informed consent was waived. Fifty-three men
(median age, 70 years) suspected of having post-RT recurrence of
PCa underwent MP MR imaging, including DW and DCE sequences,
within 6 months after biopsy. Two readers independently evaluated
the likelihood of PCa with a five-point scale for T2-weighted imag-
ing alone, T2-weighted imaging with DW imaging, T2-weighted im-
aging with DCE imaging, and T2-weighted imaging with DW and
DCE imaging, with at least a 4-week interval between evaluations.
Areas under the receiver operating characteristic curve (AUC) were
calculated. Interreader agreement was assessed, and quantitative
parameters (apparent diffusion coefficient [ADC], volume transfer
constant [K"**|, and rate constant [k, |) were assessed at sextant-
and patient-based levels with generalized estimating equations and
the Wilcoxon rank sum test, respectively.

At biopsy, recurrence was present in 35 (66%) of 53 patients. In
detection of recurrent PCa, T2-weighted imaging with DW imaging
yielded higher AUCs (reader 1, 0.79-0.86; reader 2, 0.75-0.81) than
T2-weighted imaging alone (reader 1, 0.63-0.67; reader 2, 0.46-0.49
[P = .014 for all]). DCE sequences did not contribute significant in-
cremental value to T2-weighted imaging with DW imaging (reader 1,
P > .99; reader 2, P = .35). Interreader agreement was higher for
combinations of MP MR imaging than for T2-weighted imaging alone
(k = 0.34-0.63 vs k = 0.17-0.20). Medians of quantitative parameters
differed significantly (P < .0001 to P = .0233) between benign tissue and
PCa (ADG, 1.64 X102 mm?%*/sec vs 1.13 X10~% mm?*/sec; K"s, 0.16
min~! vs 0.33 min~'; k_, 0.36 min~! vs 0.62 min~").

ep

MP MR imaging has greater accuracy in the detection of recurrent PCa
after RT than T2-weighted imaging alone, with no additional benefit if
DCE is added to T2-weighted imaging and DW imaging.

©RSNA, 2013

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 13122149/-/DC1
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etection of the presence and site
of prostate cancer (PCa) recur-
rence after radiation therapy (RT)
is crucial to tailor individualized treat-
ment strategies. Approximately 30%-
50% of patients who undergo treatment

Advances in Knowledge

B The evaluation of T2-weighted
MR imaging in combination with
diffusion-weighted (DW) MR im-
aging resulted in significantly
better diagnostic accuracy (AUC
of 0.79-0.86 for reader 1 and
0.75-0.81 for reader 2) than as-
sessment of T2-weighted imaging
alone (AUC of 0.63-0.67 for
reader 1 and 0.46-0.49 for
reader 2).

B The addition of dynamic contrast-
enhanced (DCE) MR imaging to
T2-weighted and DW imaging
did not contribute significant
incremental value in the detec-
tion of locally recurrent prostate
cancer after radiation therapy for
either reader (reader 1, P > .99;
reader 2, P = 0.35) in this study.

B Interreader agreement in the de-
tection of locally recurrent pros-
tate cancer was higher when
T2-weighted images were evalu-
ated in combination with func-
tional techniques (T2-weighted
imaging with DW imaging, k =
0.55-0.63; T2-weighted imaging
with DCE imaging, k = 0.32-
0.34; T2-weighted imaging with
DW and DCE imaging, k = 0.49-
0.58) than when T2-weighted
images were evaluated alone (k =
0.17-0.20).

B There was a significant difference
of median apparent diffusion co-
efficient (ADC), volume transfer
constant (K'"a%) and rate
constant (k, ) between benign
prostatic tissue and PCa (P <
.0001 to P = 0.023); Gleason
score was not significantly associ-
ated with ADC, K"s, or kep in
our patient population, with re-
current prostate cancer after ra-
diation therapy (P = .19-.77).

experience a relapse within 5 years of RT
(1). Recurrent PCa is suspected if there
is an increase in the serum prostate-spe-
cific antigen (PSA) level; however, the
PSA level may fluctuate after RT, and an
increase in the PSA level does not nec-
essarily imply recurrence (2,3). Further-
more, even in cases that meet the def-
inition of biochemical failure after RT,
serum PSA measurements are limited in
the differentiation between local recur-
rence and metastatic disease (4). Thus,
transrectal ultrasonographically (US)
guided biopsies are usually performed
to diagnose local recurrence in this con-
text. However, transrectal US-guided bi-
opsy is invasive and prone to sampling
error with known pitfalls in pathologic
analysis of irradiated prostate tissue, in-
cluding difficulty in the differentiation of
viable tumor from treated tumor (5-8).

Magnetic resonance (MR) imaging
is the most detailed and accurate tech-
nique for imaging the prostate. Multipa-
rametric (MP) MR imaging, which com-
bines conventional T2-weighted imaging
with one or more functional MR imaging
techniques such as diffusion-weighted
(DW) MR imaging or dynamic contrast
material-enhanced (DCE) MR imaging,
is widely considered to be state of the
art (9). Preliminary reports have shown
that such an approach may be particu-
larly useful in the detection of local recur-
rence after RT for PCa (10-13), where
T2-weighted MR imaging alone is limited
due to postradiation effects on the pros-
tate, including gland shrinkage, loss of

Implication for Patient Care

B In the detection of locally recur-
rent prostate cancer in patients
who underwent radiation
therapy, the combination of
T2-weighted imaging with DW
imaging appears to be the opti-
mal approach, as the further ad-
dition of DCE MR imaging se-
quences to this combination did
not result in incremental value in
this study; T2-weighted imaging
with DW imaging also yielded
higher interreader agreement
than any other combination
tested.

normal zonal anatomy, and decreased
contrast between PCa and normal pros-
tatic tissue caused by RT-induced glandu-
lar atrophy and fibrosis (14-19). Similar
to RT-induced changes, hormone therapy
can diffusely decrease signal intensity of
prostatic tissue and cause a decrease in
glandular volume depending on the type
and duration of therapy (19). These ther-
apy-induced changes may complicate dif-
ferentiation between the treated tumor
and tumor recurrence at T2-weighted
imaging, and they may influence quantita-
tive parameters of functional MR imaging
techniques (20,21).

In spite of the promising results ob-
tained with MP MR imaging in this clini-
cal setting, it remains uncertain whether
the addition of more than one functional
imaging technique to T2-weighted imag-
ing is needed to significantly improve the
detection and characterization of PCa
after RT. Thus, the primary purpose
of our study was to compare the diag-
nostic accuracy of T2-weighted imaging
alone with that of T2-weighted imaging
used in combination with DW imaging,
DCE MR imaging, or both in the detec-
tion of locally recurrent PCa after RT.

Published online before print
10.1148/radiol. 13122149 Content codes: [Gu]

Radiology 2013; 268:440-450

Abbreviations:

ADC = apparent diffusion coefficient
AUC = area under the ROC curve
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In addition, quantitative parameters de-
rived from DW and DCE MR imaging
were evaluated for their ability to enable
prediction of the aggressiveness of a lo-
cally recurrent tumor.

Materials and Methods

This retrospective study complied with
the Health Insurance Portability and
Accountability Act and was approved by
our institutional review board. A waiver
of informed consent was issued.

Patients

A retrospective search of our electronic
hospital information system was per-
formed to identify patients who met the
following inclusion criteria: (a) They had
histologically proved PCa treated with
RT (with or without associated androgen
deprivation therapy). (b) Posttreatment
MP MR imaging of the prostate, includ-
ing DW (b = 700 or 1000 sec/mm?) and
DCE sequences, was performed. (¢) A
posttreatment transrectal US-guided
biopsy report was available that gave
the location or locations of tumor re-
currence (if any) by sextant. Between
August 2008 and November 2011, 78
patients fulfilled these inclusion criteria.
Twenty-two patients were excluded due
to an interval of more than 6 months be-
tween MR imaging and post-RT biopsy,
and three patients were excluded be-
cause MR imaging was performed with-
out an endorectal coil. Thus, 53 patients
remained in the study (median age, 70
years; range, 49-83 years) (Fig 1), 20
of whom were included in a prior study
(11). MR examinations were ordered
because of suspected recurrence due
to biochemical failure, as defined by the
Phoenix criteria (22) (n = 25), or con-
secutive increases in the PSA level with-
out fulfillment of the Phoenix criteria (n
= 28). The median baseline serum PSA
level before RT was 6.5 ng/mL (range,
1.8-30.0 ng/mL). At initial diagnosis,
the Gleason score was 6 (3 + 3) in 22
(42%) patients, 7 (3 + 4) in 16 (30%)
patients, 7 (4 + 3) in six (11%) patients,
8 (4 + 4) in three (6%) patients, and
9 (4 + 5) in six (11%) patients. Thirty-
four (64%) patients underwent exter-
nal-beam RT (median dose, 8100 cGy;

range, 3625-8640 cGy), eight (15%)
underwent permanent interstitial im-
plantation with iodine 125 (prescription
dose, 144 Gy), and 11 (21%) received
a combination of brachytherapy and in-
tensity modulated RT; 22 (42%) patients
underwent hormonal therapy before MR
imaging (Table 1). No patient received
hormonal therapy within the 6 months
prior to MR imaging (median time, 37.2
months; range, 6.2-187.9 months).

MR Imaging
All images were acquired with a 1.5-T
(n = 24) or 3.0-T (n = 29) MR imag-
ing system (Signa or Signa HDX; GE
Medical Systems, Milwaukee, Wis).
In all patients, a pelvic phased-array
coil with four channels was used in
combination with an endorectal colil
(Medrad, Warrendale, Pa) for signal
reception. Transverse T1-weighted im-
ages were acquired by using the follow-
ing parameters: repetition time msec/
echo time msec, 467-650/7.9-12.2 at
1.5 T and 550-817/6.9-10.4 at 3.0 T;
section thickness, 5 mm; intersection
gap, 1 mm; field of view, 22-40 cm;
and matrix, 256 X 128 to 448 X 224.
Transverse, coronal, and sagittal T2-
weighted fast spin-echo images were
acquired with the following parame-
ters: 2800-6000/93-126.9 at 1.5 T and
2180-6667/116-143.3 at 3.0 T; section
thickness, 2-3 mm; intersection gap,
0-1 mm; field of view, 14-24 cm; and
matrix, 96 X 96 to 448 X 224.
Transverse DW sequences were
performed in the transverse plane by
using a single-shot spin-echo echo-
planar imaging sequence with two b
values (0 and 1000 sec/mm? [n = 42]
or 0 and 700 sec/mm? [n = 11]) (3500~
8050/74.1-129.2; section thickness, 3
mm; no intersection gap; field of view,
14-24 cm; matrix, 96 X 96 to 256 X
192) and with the same orientation and
location used to acquire transverse T2-
weighted images. Parametric maps of
apparent diffusion coefficients (ADCs)
were calculated by using a designated
workstation (Advanced Workstation;
GE Medical Systems). DCE MR imag-
ing was performed by using a transverse
three-dimensional T1-weighted spoiled
gradient-echo sequence that covered the

Post-Radiotherapy MRI of the
Prostate including DWI and
DCE and biopsy (n=78)

At MRI and biopsy
> 6 months (n=22)

MRI without
—1 endorectal coil (n=3)

]

Final Study Population
(n=53)

I
1 L]

Biopsy negative| | Biopsy positive
(n=18) (n=35)

Figure 1:  Flowchart summarizes selection of
patients.

entire prostate in contiguous sections
(3.0-10.1/0.8-2.4 at 1.5 T, 3.3-4.4/1.1-
1.5 at 3.0 T; section thickness, 4-9 mm;
field of view, 14-26 cm; matrix, 256 X
128 to 256 X 160). Temporal resolution
was 3.4-6.7 seconds. Images were ac-
quired after intravenous injection of 0.1
mmol of gadopentetate dimeglumine
per kilogram of body weight (Magnevist;
Berlex Laboratories, Montville, NJ) at a
rate of 2 mL/sec with an automatic injec-
tor (Medrad). Pharmacokinetic analysis
of the images was performed by using
research software (CineTool; GE Med-
ical Systems) with a population-based
arterial input function and reference T1
times of 1317 msec at 1.5 T and 1597
msec at 3.0 T for the prostate (23). The
volume transfer constant (K% and the
rate constant (k, ) were calculated.

Image Analysis

Two radiologists (O.F.D, a body imaging
research fellow performing dedicated
research in genitourinary imaging with
1 year of experience in interpreting
prostate MR images; S.I.J., a faculty
radiologist with 8 years of experience
in interpreting prostate MR images)
who were blinded to clinical and labo-
ratory findings and histologic and imag-
ing findings independently interpreted
MR imaging data. Both readers inter-
preted four different imaging data sets:
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Table 1

Patient Characteristics

All Patients Patients with Negative Patients with Positive
Characteristic (n=53) Biopsy Results (n= 18) Biopsy Results (7 = 35) PValue

Age (y)* 70 (49-83) 69 (57-77) 71 (49-83) .367
PSA at time of diagnosis (ng/mL)* 6.5 (1.8-30.0) .5(1.8-12.0) .5 (2.5-30.0) 714
PSA at time of MR imaging (ng/mL)* 2.5(0.4-33.3) .3(0.4-6.1) .9 (0.4-33.3) .554
Time between end of radiation therapy and MR imaging (mo)* 47 (5-194) 43 (18-157) 58 (5-194) 403
Time between biopsy and MR imaging (d)* 31 (1-179) 29.5 (1-112) 34 (5-179) .686
Positive biopsy cores (%)* 14 (0-86) 0 29 (6-86) .
Clinical stage at diagnosis* .0439

1c 27 (52) 12 (71) 15 (43)

2a 11 (21) 2(12) 9 (26)

2b 3(6) 1(6) 2(6)

2c 6(12) 6(17)

3a 3(6) 3(9)

3b 2 (4) 2(12)
Gleason score at diagnosis 7103

3+3 22 (42) 9 (50) 13 (37)

3+4 16 (30) 5(28) 11(32)

4+3 6(11) 3(17) 309

4+4 (6) e 309

4+5 4(7) 1(6) 309

5+4 2(4) 2 (6)
Hormones before MR imaging >.99

Yes 22 (42) 7(39) 15 (43)

No 31(58) 11 (61) 20 (57)

Note.—Unless otherwise indicated, data are numbers of patients, and data in parentheses are percentages.

* Data are medians, and data in parentheses are the range.

T In one patient with negative biopsy results, clinical stage at diagnosis was unknown; therefore, percentages were calculated with a denominator of 52 for all patients and a denominator of 17 for

patients with negative biopsy results.

(a) T2-weighted images alone; (b) T2-
weighted images in combination with
DW images and corresponding ADC
maps (hereafter, T2-weighted and DW
imaging); (c¢) T2-weighted images in
combination with DCE images and cor-
responding parametric maps, as well
as fused presentations of T2-weighted
images and K"™* and k_ parametric
maps (hereafter, T2-weighted and DCE
imaging); and (d) T2-weighted images
in combination with DW and DCE im-
ages and the corresponding ADC and
parametric maps from DW and DCE
imaging (hereafter, T2-weighted, DW,
and DCE imaging). The readers inter-
preted the data sets in different orders,
waiting 4 weeks between the interpreta-
tion of each data set. For each sextant
(right and left base, midgland, and apex)
in each data set, readers evaluated the

peripheral zone of the prostate and as-
signed a score ranging from 1 to 5 re-
garding the likelihood of the presence
of PCa (1, definitely absent; 2, probably
absent; 3, indeterminate; 4, probably
present; 35, definitely present). Recur-
rent tumor was defined as a focal nodu-
lar area with (a) low signal intensity on
T2-weighted images, (b) restricted diffu-
sion on DW images and ADC maps, and
(c) rapid enhancement with washout on
DCE images, high K™, or k_ on para-
) op
metric maps.

Quantitative Analysis

Four weeks after qualitative assessment
of the last data set, one reader (O.F.D)
drew regions of interest in each sextant
of the prostate that covered the focal area
most suspicious for PCa within the sex-
tant based on imaging and biopsy results.

If no suspicious area was present, the
region of interest was placed in an area
of benign-appearing tissue. The areas of
the regions of interest and the following
quantitative parameters were recorded
from ADC maps and DCE parametric
maps: mean ADC, K™, and kop.

Reference Standard

Transrectal US-guided biopsy samples
(12-20 cores per patient) were inter-
preted by genitourinary pathologists at
our institution. Information from writ-
ten reports was used for this study. Me-
dian time between MR imaging and bi-
opsy was 31 days (range, 1-179 days).

Statistical Analysis

Qualitative assessment.—The Wilcoxon
rank sum test for continuous variables
and the Fisher exact test for categorical
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variables were used to examine differ-
ences between patients with positive
biopsy results and those with negative
biopsy results.

Analysis of diagnostic accuracy.—
Receiver operating characteristic (ROC)
curves and empirical areas under the
ROC curve (AUCs) were assessed for
T2-weighted imaging alone and for each
type of MP MR imaging separately for
both readers. The methods of Del.ong
et al (24) were used to compare AUCs
for diagnostic accuracy at the patient-
based level, and the nonparametric
method proposed by Obuchowski (25)
was used to compare AUCs at the sex-
tant-based level, taking into account the
clustered data. Bonferroni adjustment of
P values was used to adjust for multiple
comparisons.

With biopsy results as the reference
standard, sensitivity, specificity, and pos-
itive and negative predictive values along
with 95% confidence intervals were cal-
culated, treating scores of 4-5 as indic-
ative of a tumor on MR images. For pa-
tient-based analysis, the highest score of
all six sextants was considered. For clus-
tered data at the sextant-based level, the
95% confidence interval was estimated
by using the method of Zhou et al (26).

Analysis of interreader agreement. —
Interreader agreement was assessed by
using weighted «k statistics with qua-
dratic weights (27). For clustered data
at the sextant-based level, the 95% con-
fidence interval of the k statistic was
estimated by using the bootstrapping
technique and resampling the cluster
(patient). The k values were interpreted
as follows: 0.00-0.20, slight agreement;
0.21-0.40, fair agreement; 0.41-0.60,
moderate agreement; 0.61-0.80, sub-
stantial agreement; and 0.81-1.00, al-
most perfect agreement (28).

Quantitative parameters.—Median
and range were summarized for quan-
titative parameters by biopsy result
(positive or negative for cancer) and
Gleason score (6, 7, and =8). At the
patient-based level, the Wilcoxon rank
sum test was used to compare quantita-
tive parameters between biopsy groups,
and the Kruskal-Wallis test was used to
compare the same parameters across
Gleason score groups. For analysis at

the patient-based level, the data from
all sextants were consolidated, and the
lowest mean ADC value and the high-
est K" and k = values were used. At
the sextant-based level, generalized es-
timating equations were used to assess
the associations between quantitative
parameters, biopsy groups, or Glea-
son score groups, with an independent
correlation structure and a robust co-
variance matrix. The P value from the
score test was reported.

All statistical analyses were per-
formed with SAS 9.2 software (SAS In-
stitute, Cary, NC) and R, version 2.13,
software (The R Foundation for Statis-
tical Computing, Vienna, Austria). P <
.05 indicated a significant difference.

Biopsy

Recurrent PCa was identified at bi-
opsy in 35 (66%) of 53 patients and 87
(27.4%) of 318 sextants. Gleason scores
were 6 (3 + 3) in 13 (14.9%) of the
87 sextants that showed recurrence, 7
(3 +4) in 20 (23.0%) sextants, 7 (4 +
3) in 13 (14.9%) sextants, 8 (4 + 4) in
12 (13.8%) sextants, 9 (4 + 5) in seven
(8.0%) sextants, and 9 (5 + 4) in two
(2.3%) sextants. In 20 (23.0%) of 87
sextants and nine (26%) of 35 patients
with recurrence, the Gleason score
could not be evaluated because of treat-
ment effects. Clinical characteristics did
not differ significantly between patients
with positive biopsy results and those
with negative biopsy results, except for
clinical stage at diagnosis (Table 1).

Diagnostic Accuracy

ROC analysis.—On the sextant-based
level, diagnostic accuracy was highest
when evaluating T2-weighted imaging
with DW imaging (AUC of 0.79 and
0.75 for readers 1 and 2, respectively)
(Table 2) and lowest when evaluat-
ing T2-weighted imaging alone (AUC
of 0.67 and 0.49 for readers 1 and 2,
respectively) (Fig 2). The differences
in the AUCs for T2-weighted and DW
imaging and for T2-weighted imaging
alone were significant (P < .001) for
both readers.

At patient-based analysis, diagnostic
accuracy was highest with T2-weighted,
DW, and DCE imaging for reader 1
(AUC, 0.88) and with T2-weighted and
DW imaging for reader 2 (AUC, 0.81)
(Fig 3). T2-weighted, DW, and DCE
imaging was not significantly more ac-
curate than T2-weighted and DCE im-
aging or T2-weighted and DW imaging
for either reader. For both readers,
AUCs were lowest for T2-weighted
imaging alone (AUC of 0.63 and 0.46
for readers 1 and 2, respectively). For
reader 2, T2-weighted and DW imag-
ing was significantly more accurate than
T2-weighted and DCE imaging (P = .03)
(Fig 4).

Sensitivity, specificity, and positive
and negative predictive values.—For
reader 1, T2-weighted and DW imag-
ing yielded the highest sensitivity at
sextant- and patient-based analyses
(0.829 and 0.529, respectively) (Table 3
). For reader 2, patient-based sensitivity
was highest with T2-weighted and DCE
imaging (0.629), while sextant-based
sensitivity was highest with T2-weight-
ed and DW imaging (0.379). Positive
predictive value was highest with T2-
weighted, DW, and DCE imaging for
reader 1 (0.765 and 0.962 at sextant-
and patient-based analyses, respec-
tively) and with T2-weighted and DW
imaging for reader 2 (0.767 and 0.95
at sextant- and patient-based levels,
respectively). At sextant- and patient-
based analyses, both readers reported
the highest negative predictive value
with T2-weighted and DW imaging
(reader 1, 0.835 and 0.727; reader 2,
0.804 and 0.515, respectively).

Interreader Agreement

At both sextant- and patient-based
analyses, interreader agreement was
highest for T2-weighted and DW imag-
ing and lowest for T2-weighted imaging
alone. On the sextant-based level, inter-
reader agreement was slight for evalu-
ation of T2-weighted imaging alone
(x = 0.20), fair for evaluation of T2-
weighted and DCE imaging (k = 0.34),
and moderate for evaluation of T2-
weighted and DW imaging (k = 0.53),
as well as for evaluation of T2-weight-
ed, DW, and DCE imaging (x = 0.49).
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Table 2

ROC Analysis

A: Patient-based Analysis

Sequence and Comparison

Reader 1

Reader 2

AUC PValue

AUC PValue

Sequence
T2 0.632 (0.488, 0.775) 0.460 (0.305, 0.614)
T2 + DW 0.863 (0.747,0.978) 0.812 (0.706, 0.918)
T2 + DCE 0.830(0.729, 0.932) 0.601 (0.453, 0.749)
T2 + DW + DCE 0.879 (0.796, 0.963) 0.722 (0.603, 0.841)
Comparison
T2vs T2 + DW .0144* .0010*
T2vs T2 + DCE .0708 .5694
T2 vs T2 + DW + DCE .0078* .0246*
T2 + DW vs T2 + DCE >.99 .0282*
T2 + DW vs T2 + DW + DCE >.99 .3468
T2 + DCE vs T2 + DW + DCE >.99 .7068
B: Sextant-based Analysis
Reader 1 Reader 2
Sequence and Comparison AUC PValue AUC PValue
Sequence
T2 0.666 (0.578, 0.754) 0.491 (0.427, 0.555)
T2 + DW 0.791 (0.681, 0.900) 0.745 (0.642, 0.849)
T2 + DCE 0.709 (0.613, 0.806) 0.607 (0.527, 0.688)
T2 + DW + DCE 0.745 (0.642, 0.848) 0.672 (0.580, 0.764)
Comparison
T2vs T2 + DW <.0001* <.0001*
T2vs T2 + DCE <.0001* <.0001*
T2 vs T2 + DW + DCE <.0001* <.0001*
T2 + DW vs T2 + DCE <.0001* <.0001*
T2 + DWvs T2 + DW + DCE <.0001* <.0001*
T2 + DCE vs T2 + DW + DCE <.0001* <.0001*

Note.—Data in parentheses are 95% confidence intervals. AUCs were estimated and compared on the patient level by using the methods of DeLong et al (24) and on the sextant level by using the

methods of Obuchowski (25).
* Difference is significant.

On a patient-based level, interreader
agreement was slight for evaluation of
T2-weighted imaging alone (kx = 0.17),
fair for evaluation of T2-weighted and
DCE imaging (kx = 0.32), moderate for
T2-weighted, DW, and DCE imaging (k
= 0.58), and substantial for evaluation
of T2-weighted and DW imaging (k =
0.63).

Quantitative Parameters

The median area of regions of inter-
est placed on ADC maps was 20 mm?
(range, 19.5-25.6 mm?) and 20 mm?
(4.3-88.4 mm?) in sextants with nega-
tive and positive biopsy results, respec-
tively. The median areas of regions of

interest on DCE parametric maps were
33.2 mm? (range, 24.4-53.0 mm?) and
63.3 mm? (range, 17.5-200 mm?) in
sextants with negative and positive bi-
opsy results, respectively. DW imaging
data in three patients were excluded
from analysis due to severe susceptibil-
ity artifacts.

Median ADC values of benign pros-
tatic regions were significantly higher
than median ADC values of cancerous
regions at both the per-patient level
(P < .0001) and the per-sextant level
(P < .0001) (Table 4). Median K"
and kep values of benign prostatic re-
gions were significantly lower than me-
dian K™ and kop values of cancerous

regions at both the per-patient level
(P =.0233 and P = .0025, respectively)
and the per-sextant level (P = .0002
and P = .0001, respectively) (Table 4).
No significant associations were found
between Gleason scores and median
ADC, K&ars ' or kﬂp values (P values
ranged from .19 to .77) (Table 4, Fig 5
). Overall, the same trends were ob-
served when we performed subgroup
analysis according to field strength
(1.5 T vs 3.0 T) and prior hormonal
treatment; however, statistical signifi-
cance was lost in some of the compari-
sons, possibly because of the small sam-
ple size in certain subgroups (Tables
E1, E2; Figs E1, E2 [online]).
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Figure 2:  ROC curves for (a) reader 1 and (b) reader 2 for diagnostic accuracy on a sextant-based level.

Figure 3

Figure 3: Images obtained in a 69-year-old
patient with biopsy-proved PCa (Gleason score, 3 +
4) in the right midgland. (a) Neither reader saw the
cancer on the T2-weighted image. On the

(b) parametric map of K@, (c) ADC map (b= 0
and 1000 sec/mm?), and (d) fused presentation of
a and b, both readers clearly identified the tumor
(arrowheads). Note the hypointense peripheral zone
on a caused by postradiation changes.

We found that the best overall diag-
nostic accuracy and the highest inter-
reader agreement in the detection of
recurrent PCa after RT were achieved
with a combination of T2-weighted and
DW imaging. The addition of DCE MR
imaging to these sequences did not sig-
nificantly improve accuracy in the de-
tection of recurrent PCa.

Prior studies have been performed
to evaluate the role of a multipara-
metric MR imaging approach in the
detection of PCa recurrence after
radiation therapy (10-12); however,
to our knowledge, no studies have
been performed to compare the di-
c. d. agnostic performance of all possible
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combinations of T2-weighted, DW,
and DCE sequences. Tamada et al
(10) reported a significant increase
in sensitivity from 27% in the evalu-
ation of T2-weighted imaging alone to
77% in the evaluation of T2-weight-
ed, DW, and DCE imaging together.
Only 16 patients were assessed in
consensus (thus, evaluation of inter-
reader agreement was not possible),
and no ROC or quantitative analyses
were performed. Arumainayagam et
al (12) reported similar findings in 13
patients with ROC analysis. The AUCs
in the detection of post-RT PCa re-
currence with the combination of T2-
weighted imaging with DW and DCE
imaging in that study (0.77 and 0.89
for two independent readers) were
similar to those in our study (0.72 and
0.88 for two independent readers).
Akin et al (11) found that T2-weighted
imaging with DW and DCE imaging
yielded significantly higher diagnos-
tic accuracy than did T2-weighted
imaging alone. Their reported AUCs
(0.95 and 0.86 for two independent
readers) were slightly higher than
ours, possibly due to the presence
of lower-grade tumors in our study
population (four patients with a Glea-
son score of 3+3 vs no patient with a
Gleason score of 3+3 in the Akin et
al study [11]). Our sensitivities were
slightly lower than those reported in
the literature (10,11), possibly as a re-
sult of the inclusion of patients with a
mild increase in PSA without fulfilling
the Phoenix criteria for biochemical
recurrence and a larger proportion of
patients with a lower Gleason score.
Although usually considered part
of the multiparametric prostate MR
imaging protocol, the incremental
value of DCE MR imaging over that
of other MR imaging sequences in the
detection of recurrent PCa after RT
has not been shown. Our results sug-
gest that in this clinical context, DCE
MR imaging may be omitted from the
multiparametric MR protocol without
hindering diagnostic performance,
thereby eliminating the risks and costs
associated with the intravenous admin-
istration of gadolinium-based contrast
agents. However, DCE MR imaging can

Figure 4

Figure 4:

d.
Images obtained in a 62-year-old patient with biopsy-proved PCa (Gleason score, 4+5) in the

right apex. The PCa focus was not seen on (a) the T2-weighted image, (b) the parametric map of K", or
(d) the fused presentation of a and b. (c) ADC map (b= 0 and 1000 sec/mm?) shows the tumor (arrow-

head), which was identified by both readers.

be helpful, especially in patients with
seed placement after brachytherapy,
as DW imaging is prone to suscepti-
bility artifacts and distortion in these
cases. This is substantiated by the fact
that we had to exclude three patients
from quantitative analysis with DW
imaging because of such artifacts.
Another advantage of MP MR im-
aging is improvement of interreader
agreement. In our study, k values for all
possible variations of MP MR imaging
were higher than those for T2-weighted
imaging alone (x = 0.17-0.20 for T2-
weighted imaging alone, k = 0.55-0.63
for T2-weighted and DW imaging, k =
0.32-0.34 for T2-weighted and DCE

imaging, and k = 0.49-0.58 for T2-
weighted, DW, and DCE imaging).
Although our interreader agreement
for evaluation of T2-weighted imaging
alone was lower than values reported
in the literature (11,16), for combina-
tions of MP MR imaging, interreader
agreement was comparable to that in
other studies (11,12). The assessment
of tumor detection and localization and
the differentiation of viable tumor from
treated tumor is notoriously difficult on
T2-weighted images (19).

Moreover, we validated the findings
of Akin et al (11) by showing that quan-
titative assessment of MP MR imaging—
derived parameters (ADC from DW
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Table 3
Diagnostic Accuracy
Analysis, Reader, and Sequence  Sensitivity Specificity Positive Predictive Value Negative Predictive Value

Patient-based analysis

Reader 1
T2 0.657 (0.48, 0.81) [23/35] 0.611 (0.36, 0.827) [11/18] 0.767 (0.58, 0.90) [23/30] 0.478 (0.27,0.69) [11/23]
T2 + DW 0.829 (0.66, 0.93) [29/35] 0.889 (0.65, 0.99) [16/18] 0.935 (0.79, 0.99) [29/31] 0.727 (0.50, 0.89) [16/22]
T2 + DCE 0.600 (0.42, 0.76) [21/35] 0.889 (0.65, 0.99) [16/18] 0.913(0.72, 0.99) [21/23] 0.533 (0.34, 0.72) [16/30]
T2 + DW + DCE 0.714 (0.54, 0.85) [25/35] 0.944 (0.73,1.00) [17/18] 0.962 (0.80, 1.00) [25/26] 0.630 (0.42,0.81) [17/27]
Reader 2
T2 0.543 (0.37,0.71) [19/35] 0.389 (0.17,0.64) [7/18] 0.633 (0.44, 0.80) [19/30] 0.304 (0.13, 0.53) [7/23]
T2 + DW 0.543 (0.37, 0.71) [19/35] 0.944 (0.73,1.00) [17/18] 0.950 (0.75, 1.00) [19/20] 0.515 (0.34, 0.69) [17/33]
T2 + DCE 0.629 (0.50, 0.79) [22/35] 0.556 (0.31, 0.79) [10/18] 0.733 (0.54, 0.88) [22/30] 0.435 (0.23, 0.66) [10/23]
T2 + DW + DCE 0.486 (0.31, 0.66) [17/35] 0.944 (0.73,1.00) [17/18] 0.944 (0.73,1.00) [17/18] 0.486 (0.31, 0.66) [17/35]
Sextant-based analysis
Reader 1
T2 0.437 (0.30, 0.57) [38/87] 0.870 (0.81, 0.93) [201/231] 0.559 (0.41, 0.71) [38/68] 0.804 (0.73, 0.88) [201/250]
T2 + DW 0.529 (0.40, 0.66) [46/87] 0.900 (0.85, 0.95) [208/231] 0.667 (0.51, 0.82) [46/69] 0.835 (0.77, 0.90) [208/249]
T2 + DCE 0.368 (0.22, 0.51) [32/87] 0.935 (0.89, 0.98) [216/231] 0.681 (0.51, 0.85) [32/47] 0.797 (0.72,0.87) [216/271]
T2 + DW + DCE 0.448 (0.32, 0.58) [39/87] 0.948 (0.92, 0.98) [219/231] 0.765 (0.63, 0.90) [39/51] 0.820 (0.75, 0.89) [219/267]
Reader 2
T2 0.184 (0.08, 0.29) [16/87] 0.797 (0.72, 0.87) [184/231] 0.254 (0.10, 0.40) [16/63] 0.722 (0.64, 0.81) [184/255]
T2 + DW 0.379 (0.25, 0.51) [33/87] 0.957 (0.92, 0.99) [221/231] 0.767 (0.61, 0.92) [33/43] 0.804 (0.74,0.87) [221/275]
T2 + DCE 0.310(0.17, 0.45) [27/87] 0.814 (0.73, 0.90) [188/231] 0.386 (0.21, 0.56) [27/70] 0.758 (0.68, 0.84) [188/248]
T2 + DW + DCE 0.276 (0.18, 0.38) [24/87] 0.965 (0.94, 0.99) [223/231] 0.750 (0.60, 0.90) [24/32] 0.780 (0.71, 0.85) [223/286]

Note.—Data in parentheses are 95% confidence intervals. Data in brackets were used to calculate the statistics.

Table 4

Quantitative Parameters

A: Patient-based Analysis

Biopsy Result Gleason Score
Imaging Sequence and Parameter PCa (n= 35) Benign (n=18)  PValue 6(n=4) 7(n=14) =8 (n=8) PValue
DCE
Kans (min~") 0.51 (0.10-1.50) 0.29 (0.09-0.72) .0233 0.40 (0.17-0.70)  0.71(0.10-1.50)  0.55(0.27-1.48) .4010
K, (min=") 1.00 (0.36-2.67) 0.59 (0.23-1.67) .0025 0.65(0.36-1.24) 1.19(0.40-2.67) 1.20(0.56-2.27) .1918
DW imaging
ADC (< 10~3mm?/sec) 0.99 (0.47-1.49) 1.40 (1.27-1.78)  <.0001 0.87 (0.71-1.07)  0.99 (0.54-1.43)  0.95(0.47-1.49) .7696
B: Sextant-based Analysis
Biopsy Result Gleason Score
Imaging Sequence and Parameter PCa (n= 87) Benign (n=231)  PValue 6 (n=13) 7 (n=34) =8 (n=21) PValue
DCE
Ktans (min~") 0.33 (0.03-1.50) 0.16 (0.00-0.98) .0002 0.24 (0.10-0.96)  0.41(0.08-1.50)  0.33(0.03-1.48)  .6402
k, (min~") 0.62 (0.03-2.67) 0.36 (0.02-1.73) .0001 0.73(0.28-1.28)  0.79 (0.20-2.67)  0.65(0.03-2.27) .3611
DW imaging
ADC (X 10~°mm?/sec) 1.13 (0.47-1.77) 1.64 (0.64-2.59) <.0001 1.07 (0.54-1.43) 1.04(0.68-1.77) 1.01(0.47-1.72) .6173

Note.—Unless otherwise indicated, data are means, and data in parentheses are the range.

imaging, K" and k_ from DCE imag- on this finding by assessing the associa- prominently in all risk stratification
ing) can be useful in the differentiation of  tion between quantitative MP MR imag- systems used to guide care of patients
areas of benign prostatic tissue from foci  ing parameters and the Gleason score, with primary PCa (eg, D’Amico scoring
containing PCa. We attempted to build a strong prognostic factor that features system [29] and Epstein criteria [30]).
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Figure 5:  Box plots of quantitative parameters (4 and C, ADC; Band £, K™; Cand F, kep) in benign and malignant prostatic tissue (A-() and different Gleason
scores (D-A. Box plots displayed were calculated on a per-patient basis. Horizontal line = median, boundaries of the box = first and third quantiles, whiskers =

mininimum and maximum values.

Although the Gleason score has been
shown to correlate with quantitative MP
MR imaging parameters in the untreated
prostate (31-34), we did not find a sig-
nificant association between the Gleason
score and these parameters in irradiated
prostates. The lack of association be-
tween MP MR imaging parameters and
aggressiveness may partly be due to the
reference standard used or the small
sample size. Although pathologic analysis
is typically the preferred reference stan-
dard, adequate determination of Gleason
scores at pathologic analysis in the irra-
diated prostate may be inaccurate due to
treatment effects (7,8).

Our study had several limitations.
First, this was a retrospective analysis
of patients who presented over more
than 3 years. While changes in MR

imaging parameters during this period
were not substantial, they may have
affected quantitative analysis. Second,
while we used standard acquisition pa-
rameters (35), variations in imaging
protocols (different b values for DW
imaging or temporal resolution for DCE
imaging) may have affected imaging re-
sults. Third, although our readers were
blinded to clinical details and breaks of
at least 4 weeks were maintained be-
tween readings, there may have been
some recall bias. We attempted to
control for this by alternating the or-
der in which each reader evaluated the
different data sets. Fourth, we used
transrectal US-guided biopsy and not
step-section pathologic analysis of pros-
tatectomy specimens as the reference
standard. Biopsy has known limitations

in the localization of PCa (36); however,
the exclusion of patients suspected of
having post-RT recurrence who did not
undergo salvage prostatectomy would
have introduced further bias. Fifth,
MR spectroscopy was not included in
our multiparametric MR imaging pro-
tocol, as it is not routinely used in
our institution for this clinical setting.
Thus, comparisons with recent reports
(37) could not be drawn. Finally, the
two readers in this study had a special
interest in genitourinary imaging and
dedicated training in the interpretation
of prostate MR images; therefore, the
results might not be applicable to every
radiologist.
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