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Purpose: To prospectively compare the sensitivity and specificity of
high-spatial-resolution dynamic contrast material–enhanced
magnetic resonance (MR) imaging with those of high-spatial-
resolution T2-weighted MR imaging, performed with an en-
dorectal coil (ERC), for assessment of extracapsular exten-
sion (ECE) and staging in patients with prostate cancer, with
histopathologic findings as reference.

Materials and
Methods:

The study was approved by the institutional internal review
board; a signed informed consent was obtained. MR imaging
of the prostate at 1.5 T was performed with combined sur-
face coils and ERCs in 32 patients (mean age, 65 years;
range, 42–78 years) before radical prostatectomy. High-spa-
tial-resolution T2-weighted fast spin-echo and high-spatial-
resolution dynamic contrast-enhanced three-dimensional
gradient-echo images were acquired with gadopentetate
dimeglumine. Dynamic contrast-enhanced MR images were
analyzed with a computer-generated color-coded scheme.
Two experienced readers independently assessed ECE and
tumor stage. MR imaging–based staging results were com-
pared with histopathologic results. For the prediction of
ECE, sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) were calculated. Staging
accuracy was determined with the area under the receiver
operating characteristic curve (AUC) by using the Wilcoxon-
Mann-Whitney index of diagnostic accuracy.

Results: The mean sensitivity, specificity, PPV, and NPV for assess-
ment of ECE with the combined data sets for both readers
were 86%, 95%, 90%, and 93%, respectively. The sensitivity
of MR images for determination of ECE was significantly
improved for both readers (�25%) with combined data sets
compared with T2-weighted MR images alone. The com-
bined data sets had a mean overall staging accuracy for both
readers of 95%, as determined with AUC. Staging results for
both readers were significantly improved (P � .05) with the
combined data sets compared with T2-weighted MR images
alone.

Conclusion: The combination of high-spatial-resolution dynamic contrast-
enhanced MR imaging and T2-weighted MR imaging yields
improved assessment of ECE and better results for prostate
cancer staging compared with either technique indepen-
dently.
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Overall staging of prostate cancer
with T2-weighted magnetic res-
onance (MR) imaging at 1.5 T

has shown sensitivity values ranging
from 51% to 89% and specificity val-
ues ranging from 67% to 87% (1–12).
The reported ranges for sensitivity
and specificity for determination of ex-
tracapsular extension (ECE) are 23%–
75% and 84%–97%, respectively
(2,3,5,13). These ranges of results
have relegated MR imaging to a
sparsely used technique for clinical
preoperative staging.

For dynamic contrast material–en-
hanced MR imaging, gadolinium-based
contrast media are used, frequently
with model-based postprocessing to
generate parameters relating to mi-
crovascular characteristics of prostate
tissue (14–21). Results with such pro-
cessed dynamic contrast-enhanced MR
images have correlated with markers of
tumor angiogenesis (22–24). Hence, the
additional information gained from dy-
namic contrast-enhanced MR imaging
has been applied to help differentiate
benign from malignant tissue, including
prostate cancer (25–30).

Researchers in previous studies
about dynamic contrast-enhanced MR
imaging of the prostate placed an em-
phasis on high temporal resolution at
the expense of spatial resolution, typi-
cally by using thick sections and incom-
plete coverage of the prostate gland.
With incomplete sampling of the gland
and/or lower spatial resolution, critical
features needed for staging may not be
visualized, and such a situation leads to
potential sacrifice of diagnostic accu-
racy (8,14,31–33). Thus, the purpose of
our study was to prospectively compare
the sensitivity and specificity of high-
spatial-resolution dynamic contrast-en-
hanced MR imaging with those of high-

spatial-resolution T2-weighted MR im-
aging, performed with an endorectal
coil (ERC), for assessment of ECE and
staging in patients with prostate cancer,
by using histopathologic findings as the
reference standard.

Materials and Methods

This study was partially supported by a
grant of the Jubileumsfonds of the Aus-
trian National Bank, Vienna, Austria
(project no. 9570). Medrad (Indianola,
Pa), Schering (Berlin, Germany), and
Lord David Alliance, CBE (London, En-
gland), provided financial support (seed
grants) for this study. The authors had
control of the data and the information
submitted for publication. Several au-
thors (B.N.B., H.D., E.F., R.E.L., and
N.M.R.) previously were remunerated
scientific consultants to 3TP Imaging
Sciences, now CAD Sciences (White
Plains, NY).

Patients
Between September 2001 and March
2003, 159 men underwent pretherapeu-
tic MR imaging of the prostate for can-
cer diagnosed by using ultrasonographi-
cally guided biopsy. Thirty-two patients
(mean age, 65 years; range, 42–78
years) with a mean total prostate-spe-
cific antigen level of 9.3 ng/mL (range,
0.99–42.83 ng/mL) and a mean Glea-
son score of 6 (range, 3–9) were in-
cluded in the study. In 20% of these
patients, the prostate-specific antigen
level was less than 5 ng/mL. Patients
were selected on the basis of the follow-
ing entry criteria: (a) The patients had

biopsy-proved prostate cancer, (b) pros-
tatectomy was the treatment plan and
was performed within 1 month after MR
imaging, (c) needle biopsy was performed
at least 3 weeks before MR imaging,
(d) the patients were able to undergo
MR imaging with an ERC, (e) the pa-
tients were able and willing to provide
informed consent, and (f) the patients
had no history of the use of hormonal
blockade prior to surgery. Furthermore,
127 patients were excluded from the
study because (a) they had undergone ex-
ternal-beam radiation therapy (n � 29)
or brachytherapy (n � 47), (b) they had
undergone prostatectomy but had a his-
tory of hormonal treatment prior to MR
imaging (n � 2), or (c) their histopatho-
logic results were not accessible because
they had undergone surgery at an outside
institution (n � 49).

Our study was approved by the in-
stitutional internal review board
(Ethikkommission) of Vienna General
Hospital, Vienna, Austria, and a
signed informed consent was obtained
from all 32 patients included in the
study.

MR Imaging Preparations
Patients underwent a cleansing rectal
enema (Relaxyl Clyster; Nycomed-Am-
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Advance in Knowledge

� The addition of high-spatial-reso-
lution dynamic contrast-enhanced
MR imaging substantially im-
proves the accuracy of MR imag-
ing–based staging and facilitates
the assessment of extracapsular
extension (ECE).

Implications for Patient Care

� The addition of high-spatial-reso-
lution dynamic contrast-enhanced
MR imaging substantially en-
hances the accuracy of MR imag-
ing–based staging and facilitates
prediction of ECE.

� This technique has the potential
to assist in the selection of pa-
tients to undergo the most appro-
priate therapy for prostate
cancer.
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ersham, Linz, Austria) 1–3 hours before
the MR imaging examination. Lubrica-
tion and local anesthesia of the anal re-
gion with topical application of 2% lido-
caine gel (Xylocaine; AstraZeneca,
Wedel, Germany) immediately pre-
ceded the placement of the ERC. An
antiperistaltic agent, 0.5 mg glucagon
(Glucagen; Novo Nordisc, Bagsvaerd,
Denmark), was administered intrave-
nously just before the MR imaging ex-
aminations, and an additional 0.5 mg
was administered immediately preced-
ing the dynamic contrast-enhanced MR
acquisitions.

MR Imaging Protocol
All of the examinations were per-
formed with a 1.5-T imaging unit and a
pelvic phased-array surface coil (Mag-
netom Vision; Siemens Medical Solu-
tions, Erlangen, Germany) combined
with a disposable prostate ERC
(MRinnervu; Medrad, Pittsburgh, Pa).
Images were corrected for the recep-
tion profile of the ERC and the pelvic
phased-array coil (34).

Multiplanar localizer images were
obtained first. Then, transverse dual-
echo T2-weighted fast spin-echo images
were acquired from below the apex of
the prostate to above the seminal vesi-
cles with a voxel size of 1.68 mm3

(0.89 � 0.63 � 3 mm) in 10 minutes 48
seconds (Table 1).

High-spatial-resolution dynamic con-
trast-enhanced MR imaging was per-
formed with application of a fast three-
dimensional T1-weighted spoiled gradi-
ent-echo sequence with a voxel size of
1.79 mm3 (0.95 � 0.63 � 3 mm). Seven
three-dimensional data sets, two before
and five after contrast agent administra-
tion, were acquired with a 1 minute 35
second temporal resolution and a total
duration of 11 minutes 8 seconds. The
MR contrast agent, gadopentetate dimeg-
lumine (Magnevist; Schering, Berlin, Ger-
many), was injected as a bolus at a dose of
0.1 mmol per kilogram of body weight.
For this purpose, an automated injection
system (Spectris Solaris EP; Medrad,
Pittsburgh, Pa) was used at a flow rate of
4 mL/sec at 5–7 seconds before the end of
the second acquisition before contrast

agent administration. Immediately after,
a 20-mL saline flush was administered at
a rate of 4 mL/sec.

MR Image Interpretation
The images were interpreted indepen-
dently by two radiologists, who were
blinded to all patient information
other than knowing that each patient
had biopsy-proved prostate cancer.
Reader 1 (B.N.B.) had 4 years of MR
imaging experience and had read ap-
proximately 500 T2-weighted and dy-
namic contrast-enhanced MR images
from prostate examinations during
that time. Reader 2 (N.M.R.) had 15
years of MR imaging experience and
had read approximately 1300 images
from prostate examinations during
that time, and 100 of them included
dynamic contrast-enhanced MR im-
ages of the prostate.

A focal hypointense mass in the
peripheral zone on T2-weighted MR
images without corresponding hyper-
intense signal on nonenhanced T1-
weighted MR images was considered
to represent tumor. Criteria for deter-
mination of ECE of a mass on T2-

weighted MR images included at least
one of the following: disruption of the
prostatic capsule, extension into the
periprostatic fat contiguous with low-
signal-intensity tumor in the gland,
broad contact with the capsule (�12
mm), irregular capsular bulge, obliter-
ation of the rectoprostatic angle, or
asymmetry or involvement of the neu-
rovascular bundle (35,36). Features of
seminal vesicle infiltration were focal
low signal intensity in one or both
sides, with low signal intensity in the
base of the prostate or tubular wall
thickening combined with tumor mass
in the base of the prostate (37,38).

Dynamic contrast-enhanced im-
ages were processed at pixel resolu-
tion by using the three-time-point
model (28) to analyze the time evolu-
tion of contrast enhancement. The re-
sults were translated into a color-
coded scheme, as previously pub-
lished (Fig 1) (25,28).

The processed color-coded images,
overlaid on the original T1-weighted gray-
scale images, were analyzed as follows:
Masslike nodular or geographic clus-
ters of bright red pixels in the periph-
eral zone with more than 4 mm in

Table 1

Imaging Parameters

Parameter T2-weighted MR Imaging Dynamic MR Imaging

Repetition time msec/echo time msec 4000/83, 165 8.1/4
Flip angle (degrees) 90 18
Echo train length 9 1
Phase oversampling 100 100
Section thickness (mm) 3 3
Intersection gap None None
Frequency-encoding steps 256 256
Phase-encoding steps 180 168
Field of view (cm) 16 16
Voxel size (mm3) 1.68 1.79
Phase encoding Left to right Left to right
Excitation order Interleaved Linear
Measurements 2 7
Time gap . . . None
No. of signals acquired 2 1
No. of sections 28 (14 sections � 2 measurements) 32
Image time 5 min 24 sec 1 min 35 sec
Total image time 10 min 48 sec 11 min 8 sec

Note.—T2-weighted MR imaging � two-dimensional T2-weighted fast spin-echo MR imaging, dynamic MR imaging �
three-dimensional T1-weighted spoiled gradient-echo dynamic contrast-enhanced MR imaging.
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maximal diameter were noted as prob-
able or definite cancer (with the scor-
ing system mentioned later). Tubular
clusters in a linear orientation were
considered as vessels. In the central
gland, clusters of bright red pixels
more than 6 mm in diameter—which
also showed an asymmetric geo-
graphic distribution pattern in com-
parison with the contralateral side,
were ill-defined, or had contact with
a suspicious area in the peripheral
zone—were considered as probable
cancer. Well-defined, approximately
symmetric nodularlike lesions in the
central gland were considered as be-
nign prostatic hyperplasia. Extracap-
sular bright red pixel clusters, larger
than 3 mm in diameter, which were
not tubular (blood vessels), were con-
sidered as suspicious or definite ECE.

Combined Analysis of T2-weighted MR
Images and Dynamic Contrast-enhanced
MR Images
After separate evaluation and classifi-
cation of T2-weighted MR images and
color-coded dynamic contrast-enhanced
MR images, each reader independently
reviewed both images in combination.
To avoid a sequential reading bias, each

reader started with T2-weighted MR
images for 16 patients; for the other 16
patients, dynamic contrast-enhanced
MR images were read first. After one
image was assigned a score, evaluation
of the other followed immediately, and a
distinct score for the combined T2-
weighted MR image and dynamic con-
trast-enhanced MR image readings was
generated.

Assignment of Scores to the Data
The likelihood of the presence of can-
cer, seminal vesicle infiltration, and
ECE was assigned a score separately
by using a five-point rating scale (34):
score 1, not present; score 2, probably
not present; score 3, possibly present;
score 4, probably present; and score
5, definitely present. This scale was
applied for the T2-weighted MR im-
ages, the dynamic contrast-enhanced
MR images, and the combined data
sets, and scores were assigned on sep-
arate evaluation templates. The re-
sults were then dichotomized so that
cancer, ECE, or seminal vesicle infil-
tration was diagnosed for images with
scores of 4 and 5 (probable and defi-
nite) and was not diagnosed for im-
ages with scores of 1–3 (34). Finally,

scores for intra- and extraglandular
disease were translated into an MR
imaging–based TNM stage by using
the TNM stage in the 1997 publication
of the American Joint Committee on
Cancer (39) (Table 2).

Histopathologic Evaluation Results as
Reference Standard
Whole-mount histopathologic prepa-
ration of the excised prostate gland
was performed in 15 patients. The
specimen was fixed in 10% buffered
formaldehyde, embedded in paraffin,
sectioned (3–4-mm thickness) consec-
utively in planes closely paralleling the
MR images, and stained with hema-
toxylin-eosin.

All of the specimens were classified
according to stage and grade by one pa-
thologist (A.H.), who had 15 years of ex-
perience in prostate histopathologic ex-
amination and was unaware of the MR
imaging results. This classification was
performed by using the 1997 TNM stag-
ing classification and the Gleason score.
Areas of carcinoma were circumscribed
by a solid red line; areas of prostatic
intraepithelial neoplasia were marked
by a black dotted line. The whole-mount
histopathologic slices were compared

Figure 1

Figure 1: (a) Color-coding scheme. The pattern at the washout phase is coded according to color: red for clearance, green for steady state, and blue for continued
entrance. The initial change in signal intensity of the wash-in phase (initial rate) is coded according to color intensity: 255 color intensities for each color hue. (b) Calibra-
tion map constructed with the three times: t0, at 0 minutes (before contrast agent administration); t1, at 0.8 minutes; and t2, at 7.1 minutes (after contrast agent administra-
tion). This selection of times yielded the optimal color resolution for the various microvascular permeability (Kps) and extracellular volume fraction (EVF) values. (c) Cali-
bration map constructed with the three times: t0, at 0 minutes (before contrast agent administration); t1, at 2.4 minutes; and t2, at 7.1 minutes (after contrast agent adminis-
tration). For most microvascular permeability and extracellular volume fraction values, the color is red, and, therefore, color resolution for the various microvascular
permeability and extracellular volume fraction values is lost. For calculation of the map, a fast gradient-echo sequence (4/8.1; flip angle, 18°) was used. Other parameters
used in the calculation were previously published (28). On the basis of an initial learning curve, we used the first and last, as well as the second and last, contrast-en-
hanced acquisition parametric sets for evaluation. The second and last parametric sets were used when clusters of green and dark red were seen on the first and last para-
metric sets to search for a transition to bright red.
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by means of visual inspection with the
corresponding T2-weighted MR images
and the dynamic contrast-enhanced MR
imaging maps by the pathologist (A.H.)
and one radiologist (B.N.B.) in consen-
sus.

In the remaining 17 patients, step-
section sextant histopathologic analysis
was performed, with the tissue prepara-
tion otherwise identical to that of the
whole-mount processing. The overall
pathology report and histopathologic
finding–based TNM stage were com-
pared with the corresponding MR imag-
ing results and MR imaging–based TNM
stages by two individuals (S.J. and
B.N.B.).

Statistical Analysis
The ECE analysis was performed by first
grouping the stages into two categories
(T3a and T3b vs T2a and T2b). ECE is
defined as a stage of T3a or T3b. Because
ECE is binary, the diagnostic accuracy
measures used were sensitivity, specific-
ity, positive predictive value (PPV), and
negative predictive value (NPV). These
estimates, along with the corresponding
95% confidence intervals, were calcu-
lated on the basis of the algorithm pro-
vided by Zhou et al (40). In addition, pa-
tients with T3b disease were analyzed
separately to address this clinically rele-
vant cohort.

The 95% confidence intervals were
computed by using the score confi-
dence interval (41,42) because most
of these estimates were close to a
score of 1. The calculation of the PPV
and NPV was performed by using the
study population prevalence of 34%
and a screening population prevalence
estimate of 3.2% (43). We set the type
I error rate at 5%; however, we are
aware that the sample size in this
study is small, especially when the
sample of 32 subjects was stratified
(16 in each group) to examine the ef-
fect of the order in which the methods
were performed. Therefore, it is likely
that, for a particular comparison be-
tween the two methods, although a
statistically significant difference may
exist, we do not have sufficient study
power.

To compare the diagnostic accu-

racy values of the three modalities
(dynamic contrast-enhanced MR im-
aging, T2-weighted MR imaging, and
the combination of both methods), we
computed the area under the receiver
operating characteristic curve (AUC)
for each method. The AUC is a stan-
dard measure of diagnostic accuracy
that takes into account both the sensi-
tivity and specificity of the test method
(44). Four stages (T2a, T2b, T3a,
T3b) were used to calculate the AUC
by using the Wilcoxon-Mann-Whitney
index of diagnostic accuracy (45). The

95% confidence interval was also pro-
vided. The staging analysis was per-
formed separately for each of the two
readers to observe between-reader
variability.

The staging analysis was also per-
formed for two groups of subjects on
the basis of the order in which the
methods were performed (dynamic
contrast-enhanced MR images read
first or T2-weighted MR images read
first). In one group with 16 subjects,
dynamic contrast-enhanced MR im-
ages were read first, and in the other

Figure 2

Figure 2: Flowchart of the
study profile, which was based on
recommended standards for re-
porting diagnostic accuracy (47).
DCE � dynamic contrast en-
hanced.

Table 2

Tumor Staging Categories

Tumor
Stage Description

T1 Tumor is clinically unapparent, not palpable, or not visible with imaging
T2 Tumor is confined within prostate
T2a Tumor involves one lobe
T2b Tumor involves both lobes
T3 Tumor extends through prostatic capsule or seminal vesicles
T3a Tumor has unilateral or bilateral ECE
T3b Tumor invades seminal vesicles
T4 Tumor invades other structures, such as the urinary bladder, internal sphincter, and rectal wall

Note.—The tumor stage categories are based on data on TNM stage in the 1997 publication of the American Joint Committee
on Cancer (39).
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group of 16 subjects, T2-weighted MR
images were read first. All statistical
analyses were performed by using
software (SAS, 2000; SAS Institute,
Cary, NC) (46).

Results

No patients were excluded (Fig 2). Both
readers showed a tendency to improve
their results for determination of ECE
with the use of dynamic contrast-en-
hanced MR images (Tables 3–5). There
were readings in which errors occurred
when periprostatic blood vessels were
misinterpreted as ECE (reader 1, twice;
reader 2, once). These data resulted in
misclassification of T2b tumors as T3a
disease with the use of dynamic con-
trast-enhanced MR images alone. For
these readings, use of the combined
data sets led to correction of this mis-
classification to the true pathologic tu-
mor stage in two of three patients
(reader 1, once; reader 2, once) (Fig 3).

Prediction of Stage T3a and T3b ECE
The sensitivity for determination of ECE,
with use of the combined data sets, was
91% for reader 1 and 82% for reader 2
(Table 4). For both readers, sensitivity for
determination of ECE, with T2-weighted
MR images, could be improved by more
than25%after the additionof dynamic con-
trast-enhanced MR images, although the
difference was not statistically significant
(P � .083 for both readers). For both read-
ers, the specificity for the combined data
sets was the same (95%). For reader 1, the
specificity improved by 9% when T2-
weighted MR images and dynamic con-
trast-enhanced MR images were com-
bined; for reader 2, the specificity im-
proved by 4%, but this improvement was
not statistically significant (P � .157 and
.564, respectively).

For readers 1 and 2, the PPV value
achieved by using the combined data
sets improved by 21% and 15%, respec-
tively, compared with the PPV achieved
by using T2-weighted MR images alone.

These values were calculated by using
the 34% (11 of 32) ECE prevalence of
our study (Table 4).

The NPV for readers 1 and 2 was as
follows: The NPV for the combined data
sets was greater than that for dynamic
contrast-enhanced MR images alone
and greater than that for T2-weighted
MR images alone, by using the 34% ECE
prevalence of our study (Table 4). The
use of combined data sets, compared
with T2-weighted MR images alone, im-
proved the NPVs by 13% and 12% for
reader 1 and reader 2, respectively.

Adjustments to the PPV and NPV,
by using the estimated 3.2% prevalence
of ECE in a screening population, are
also shown (Table 4) (43).

Staging Results
Both readers showed improvement in
TNM staging (Table 5) when the com-
bined data sets, as compared with the
use of data from each strategy indepen-
dently, were used. Both readers showed

Table 3

Assessment of ECE and Seminal Vesicle Infiltration with T2-weighted MR Images, Dynamic MR Images, and Combined Data Sets

Correct Assessment

Reader 1 Reader 2
T2-weighted MR
Images

Dynamic MR
Images

Combined Data
Sets

T2-weighted MR
Images

Dynamic MR
Images

Combined Data
Sets

ECE 64 (7/11) 91 (10/11) 91 (10/11) 55 (6/11) 82 (9/11) 82 (9/11)
Seminal vesicle infiltration 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5)

Note.—Data are percentages. Numbers in parentheses were used to calculate the percentages. Sequences are defined in Table 1.

Table 4

Diagnostic Accuracy for Assessment of ECE Adjusted to the Prevalence of Disease in the Study Population and in the
Population at Large

Statistic

Reader 1 Reader 2
T2-weighted MR
Images

Dynamic MR
Images

Combined Data
Sets

T2-weighted MR
Images

Dynamic MR
Images

Combined Data
Sets

Sensitivity 64 (35, 85) 91 (62, 98) 91 (62, 98) 54 (28, 79) 82 (52, 95) 82 (52, 95)
Specificity 86 (65, 95) 86 (65, 95) 95 (77, 99) 91 (71, 97) 86 (65, 95) 95 (77, 99)
PPV 70 (40, 89) 77 (50, 92) 91 (62, 98) 75 (41, 93) 75 (47, 91) 90 (60, 98)
NPV 82 (62, 93) 95 (75, 99) 95 (77, 99) 79 (60, 91) 90 (70, 97) 91 (72, 98)
Adjusted PPV* 13 (3, 44) 17 (5, 44) 39 (17, 67) 16 (3, 50) 16 (4, 44) 36 (14, 66)
Adjusted NPV* 99 (83, 100) 100 (83, 100) 100 (84, 100) 98 (84, 100) 99 (83, 100) 99 (84, 100)

Note.—Data are percentages, which have been rounded. Numbers in parentheses are 95% confidence intervals expressed as percentages. Sequences are defined in Table 1.
* Data were adjusted to the prevalence of disease in the study population (34% prevalence) and in the population at large (3.2% prevalence).
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a tendency to understage disease when
T2-weighted MR images (Table 5 and
Fig 4) were used, whereas with dynamic
contrast-enhanced MR images, both
readers showed a tendency to overstage
disease. There was no statistically sig-
nificant difference with respect to the
effect of the viewing order on the deter-
mination of ECE or the staging results.

Diagnostic Accuracy Analysis of Staging
by Using AUC
By using the combined data sets, the
diagnostic accuracy (AUC) was 95%
and 96%, respectively, for reader 1 and
reader 2 (Table 5). For both readers,
the AUC values were as follows: Values
for combined data sets were greater
than those for dynamic contrast-en-
hanced MR images alone and for T2-
weighted MR images alone. The AUC
for TNM staging that was based on the
combined data sets exceeded that which
was based on only T2-weighted MR im-
ages by 10% for reader 2 and indicated
a statistically significant improvement
(P � .042) (Table 5).

Discussion

Findings in studies in which MR imag-
ing was used for prostate cancer stag-
ing and/or prediction of ECE have
yielded a range of values for accuracy
(56%–88%), sensitivity (51%–89%),
and specificity (68%–87%) (2,48–50).
Differences in reader expertise, MR
equipment, and study protocols each
might influence this variability (51–56).

The T2-weighted MR imaging accu-
racy achieved by both readers in this
study is at the high end but within the
range of previously published staging
results with T2-weighted MR imaging.
The combination of T2-weighted MR
imaging and high-spatial-resolution dy-
namic contrast-enhanced MR imaging
data showed a positive synergistic ef-
fect, yielding the highest staging accu-
racy of the three approaches and ex-
ceeding previously published results
achieved with 1.5-T MR imaging.

We observed some tumors on dy-
namic contrast-enhanced MR images
that were unapparent on T2-weighted
MR images, and this difference aug-
mented sensitivity. Furthermore, ob-
served boosts in specificity from dy-
namic contrast-enhanced MR images
may have resulted from clarification of
benign sources of low-signal-intensity
foci that mimic cancer, such as postbi-
opsy hemorrhage, prostatitis, calcifica-
tion, and treatment effects, that were
observed on T2-weighted MR images

Figure 3

Figure 3: Corresponding T2-weighted MR image and dynamic contrast-enhanced MR image– based col-
or-coded image. (a) Transverse 3-mm-thick dual T2-weighted fast spin-echo MR image (4000/83 [effective])
of the middle third of the prostate. Large cancer area is in the right peripheral zone and adjacent central gland
(�). Capsule (arrowhead) is clearly distinguishable and well defined. Both readers staged this cancer as T2b
on the basis of T2-weighted MR imaging findings. (b) Color-coded 3-mm-thick dynamic contrast-enhanced
three-dimensional gradient-echo MR image (8.1/4) corresponding to a. Capsule (arrow) shows irregularity,
in contrast to well-defined capsule (arrowhead). Both readers diagnosed ECE. Use of combined data sets led
to a final combined MR imaging– based stage of T2b (well-defined capsule on T2-weighted MR images over-
ruled the dynamic contrast-enhanced MR image findings). This stage was proved correct at histopathologic
evaluation (pT2b).

Table 5

Percentage of Correct Staging, Understaging, and Overstaging and Staging Accuracy in 32 Patients: Comparison of T2-weighted
MR Images, Dynamic MR Images, and Combined Data Sets

Staging

Reader 1 Reader 2
T2-weighted MR
Images

Dynamic MR
Images

Combined Data
Sets

T2-weighted MR
Images

Dynamic MR
Images

Combined Data
Sets

Correct 72 (n � 23) 84 (n � 27) 91 (n � 29) 72 (n � 23) 81 (n � 26) 88 (n � 28)
Understaging 19 (n � 6) 3 (n � 1) 3 (n � 1) 19 (n � 6) 9 (n � 3) 9 (n � 3)
Overstaging 9 (n � 3) 12 (n � 4) 6 (n � 2) 9 (n � 3) 9 (n � 3) 3 (n � 1)
AUC* 84 (75, 94) 92 (84, 100) 95 (88, 100) 86 (77, 95) 94 (88, 99) 96 (92, 100)†

Note.—All data are percentages. Sequences are defined in Table 1.
* Numbers in parentheses are 95% confidence intervals.
† Improvement versus T2-weighted MR images for reader 2 (P � .042).
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(2,51,54–56). On the other hand, the
high detail and definition of T2-weighted
MR images can help refine the dynamic
contrast-enhanced MR imaging analysis
in which color-coded pixels may inter-
fere with anatomic landmarks.

Our choice to acquire high-spatial-
resolution images at a temporal resolu-
tion of 95 seconds, influenced by previ-
ous breast imaging studies (57), is a
departure from prior high-temporal-
resolution dynamic contrast-enhanced
MR imaging studies. Highly temporally
resolved dynamic contrast-enhanced
MR imaging studies necessitated trade-
offs in spatial resolution and/or ana-
tomic coverage of the gland. Thus, criti-
cal features needed for MR imaging–
based staging may have been incompletely
visualized or characterized, and such a defi-
ciency contributed to the results that have
been reported (8,14,31,33,58,59).

The voxel size of 1.79 mm3 that we
used at dynamic contrast-enhanced
MR imaging was applied with com-
plete coverage of the gland and the
seminal vesicles. In comparison, the
voxel size for dynamic contrast-en-
hanced MR imaging with the highest
spatial resolution that we could find in
the literature was 6 mm3 (6 � 1 � 1
mm) (32).

With our technique, clear and dis-
tinct signal intensity changes for the
dynamic contrast-enhanced MR imag-
ing analysis were spatially and tempo-
rally sufficient according to the con-
cepts of Degani et al (28). By applying
a linear-ordered gradient-echo se-
quence to the first contrast-enhanced
data set and having its center of k-
space obtained at 47.5 seconds after
contrast agent injection, our time is
only a few seconds beyond the previ-
ously determined average contrast en-
hancement peak of cancerous pros-
tatic tissue (31,60). In future studies,
it may be interesting to assess the
value of alternative methods for pre-
senting dynamic contrast-enhanced
MR imaging data and their influence
on diagnostic accuracy with respect to
reader experience.

Both readers achieved sensitivity,
specificity, PPV, and NPV at the high
end or at values greater than previ-
ously published data by using the com-
bined data sets for the evaluation of
the preoperative prediction of ECE
(2,3,5,13,36,61). Prevalence-adjusted
data are important when one considers
prostate MR imaging as part of a
screening protocol for staging. Although
our adjusted data showed a preserved

NPV for determination of ECE at 99%
for both readers with the use of com-
bined data sets, the PPV diminished to
less than 40% in the population at large
from 90% in our study population. The
high NPV is encouraging for a screening
application, but the current high cost of
MR imaging makes such an application
impractical.

The recent availability of high-spa-
tial-resolution T2-weighted MR imaging
at 3 T with an ERC offers new possibili-
ties (62,63). In a recent report, Futterer
et al (59) showed impressive staging re-
sults by using T2-weighted MR imaging
at 3 T that are in the range of our re-
sults. The potential added value of dy-
namic contrast-enhanced MR imaging
at 3 T needs to be explored. However,
at the time of this writing, 3 T MR imag-
ing with an ERC is limited to a few cen-
ters.

Our study had recognized limitations.
The relatively small number of patients
may have affected the statistical relevance
of the results. In addition, histopathologic
specimens were not processed uniformly
with whole-mount preparation.

The combined approach of high-
spatial-resolution dynamic contrast-en-
hanced MR imaging and high-spatial-
resolution T2-weighted MR imaging at

Figure 4

Figure 4: T2-weighted MR image and dynamic contrast-enhanced MR imaging– based color-coded image in correlation with whole-mount histopathologic speci-
men. (a) Transverse 3-mm-thick T2-weighted fast spin-echo MR image (4000/83) of the middle third of the prostate. In this study, the two readers identified a highly
suspicious hypointense area (score of 4) in the left peripheral zone (arrow) on the T2-weighted MR image. On the right side, the hypointense triangularly shaped signal
intensity alteration in the lateral peripheral zone (arrowhead) was noted by one reader as possible cancer (score of 3), and this observation resulted in a final T2-weighted
MR imaging–based stage of T2a. The second reader rated the triangular lesion as probably cancer (score of 4) and the lesion on the left side as definitely cancer (score of 5), with a
final T2-weighted MR imaging–based stage of T2b. (b) Color-coded 3-mm-thick dynamic contrast-enhanced three-dimensional gradient-echo MR image (8.1/4) shows bilateral
cancer (bright red area), yielding a dynamic contrast-enhanced MR imaging–based stage of T2b. The results obtained from the color images yielded a combined MR imaging
stage of T2b for both readers. (c) Whole-mount histopathologic specimen for which the stage was proved to be T2b. A small cancer focus is close to the fibromuscular band in the
anterior portion of the gland (circled in red), and small foci of prostate intraepithelial neoplasia (circled with black dotted line) are evident.
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1.5 T with a TNM staging accuracy of
95% offers an alternative to conven-
tional prostate cancer staging that is
based on results of standard clinical
evaluations or findings on T2-weighted
MR images alone. The addition of high-
spatial-resolution dynamic contrast-en-
hanced MR imaging substantially en-
hances the accuracy of MR imaging–
based staging and facilitates prediction
of ECE.
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