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Purpose: To determine the incremental benefit of combined endorec-
tal magnetic resonance (MR) imaging and MR spectroscopic
imaging, as compared with endorectal MR imaging alone, for
sextant localization of peripheral zone (PZ) prostate cancer.

Materials and
Methods:

This prospective multicenter study, conducted by the Ameri-
can College of Radiology Imaging Network (ACRIN) from
February 2004 to June 2005, was institutional review board
approved and HIPAA compliant. Research associates were
required to follow consent guidelines approved by the Office
for Human Research Protection and established by the insti-
tutional review boards. One hundred thirty-four patients
with biopsy-proved prostate adenocarcinoma and scheduled
to undergo radical prostatectomy were recruited at seven
institutions. T1-weighted, T2-weighted, and spectroscopic
MR sequences were performed at 1.5 T by using a pelvic
phased-array coil in combination with an endorectal coil.
Eight readers independently rated the likelihood of the pres-
ence of PZ cancer in each sextant by using a five-point scale—
first on MR images alone and later on combined MR–MR
spectroscopic images. Areas under the receiver operating
characteristic curve (AUCs) were calculated with sextant as the
unit of analysis. The presence or absence of cancer at central-
ized histopathologic evaluation of prostate specimens was the
reference standard. Reader-specific receiver operating char-
acteristic curves for values obtained with MR imaging alone
and with combined MR imaging–MR spectroscopic imaging
were developed. The AUCs were estimated by using Mann-
Whitney statistics and appropriate 95% confidence intervals.

Results: Complete data were available for 110 patients (mean age,
58 years; range, 45–72 years). MR imaging alone and
combined MR imaging–MR spectroscopic imaging had
similar accuracy in PZ cancer localization (AUC, 0.60 vs
0.58, respectively; P � .05). AUCs for individual readers
were 0.57–0.63 for MR imaging alone and 0.54–0.61 for
combined MR imaging–MR spectroscopic imaging.

Conclusion: In patients who undergo radical prostatectomy, the accu-
racy of combined 1.5-T endorectal MR imaging–MR spec-
troscopic imaging for sextant localization of PZ prostate
cancer is equal to that of MR imaging alone.
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Prostate cancer is the most com-
mon noncutaneous cancer and
the second most common cause of

cancer-related deaths in American men.
In 2007, an estimated 218 890 new
cases of prostate cancer were diagnosed
and more than 27 000 men died of the
disease (1). Additional indicators, in-
cluding disability-adjusted life-years, es-
timated costs based on the Surveillance
Epidemiology and End Results Program
of the National Cancer Institute, and
Medicare expenditures, illuminate the
heavy burden that prostate cancer
places on society (2,3). However, while
the lifetime risk of receiving a diagnosis
of prostate cancer is 16%, the lifetime
risk of dying from prostate cancer is
only 3% (4). The management of early-
stage prostate cancer is controversial
because patients whose disease is in-
dolent and incidental cannot be reli-
ably distinguished from those whose
disease is progressive and life threat-
ening. Traditional methods of prostate
cancer evaluation involving digital rec-
tal examination, transrectal ultra-
sonography (US), sextant biopsy, and
serum prostate-specific antigen assay
generally enable one to predict the be-
havior of very indolent or aggressive
cancers only. Most patients have dis-
ease that falls between these extremes,
for which these techniques— used
alone or together—have limited diag-
nostic accuracy (5–10).

Given these limitations, investiga-
tors have studied the value of endorec-
tal magnetic resonance (MR) imaging
for assessing the local extent of pros-
tate cancer and observed good results
(11,12). The results of several studies
also have indicated that MR spectro-
scopic imaging yields additional useful
information based on the metabolic

changes associated with the disease
(13–15). As promising as these results
may seem, there are only a small num-
ber of facilities worldwide that have
staffs with substantial experience and
expertise in MR spectroscopic imaging
of the prostate and even fewer facilities
where diagnostic accuracy studies to
characterize the “discovery” and early
“diffusion” stages in the application of
emerging diagnostic methods have been
performed (16). To our knowledge, sci-
entifically rigorous trials with compara-
ble quality and results across multiple
institutions have not been conducted
previously. Because of concerns about
technical consistency and interobserver
variability, the undertaking of such
multi-institutional studies is essential if
combined endorectal MR imaging–MR
spectroscopic imaging of the prostate is
to achieve widespread acceptance and
use. Therefore, the American College of
Radiology Imaging Network (ACRIN)
undertook a prospective multi-institu-
tional study to determine the incremen-
tal benefit of using combined endorectal
MR imaging–MR spectroscopic imag-
ing, as compared with endorectal MR
imaging alone, for the sextant localiza-
tion of peripheral zone (PZ) prostate
cancer.

Materials and Methods

The study was approved by the Cancer
Therapy Evaluation Program of the
National Cancer Institute and the insti-
tutional review boards of ACRIN and
seven participating sites (University of
California, San Francisco, University of
Texas M. D. Anderson Cancer Center,
Mayo Clinic, Brigham & Women’s Hos-
pital, Johns Hopkins Medical Institu-
tions, University of Pennsylvania Medi-
cal Center, and Memorial Sloan Ketter-
ing Cancer Center). The study was also
compliant with Health Insurance Portabil-

ity and Accountability Act guidelines. Re-
search associates were required to follow
patient consent guidelines approved by
the Office for Human Research Protec-
tion and established by the institutional
review boards of the participating institu-
tions.

The authors had control of the data
and information submitted for publica-
tion. Authors who were not consultants
for Medrad (Pittsburgh, Pa) or GE
Healthcare (Waukesha, Wis) had con-
trol over the inclusion of any data and
information that might have repre-
sented a conflict of interest for the au-
thor who was a consultant for one of
these companies (J.K.). One author
(J.K.) received royalties from GE Health-
care when the 1.5-T prostate MR imag-
ing–MR spectroscopic imaging package
described herein was released for com-
mercial use and has received grant
funding from GE Healthcare for the de-
velopment of a 3.0-T MR imaging–MR
spectroscopic imaging package.

Patient Inclusion and Exclusion Criteria
This prospective multi-institutional study
was conducted by the ACRIN. Patients
with biopsy-confirmed prostate adeno-
carcinoma who were scheduled for rad-
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Advance in Knowledge

� In patients who undergo radical
prostatectomy, the accuracy of
combined endorectal MR imag-
ing–MR spectroscopic imaging at
1.5 T for sextant localization of
peripheral zone prostate cancer is
equal to that of MR imaging
alone.

Implication for Patient Care

� The addition of MR spectroscopic
imaging to MR imaging at 1.5 T
does not improve the ability to
localize cancer within a sextant of
the prostate.
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ical prostatectomy were enrolled and
underwent endorectal MR imaging and
MR spectroscopic imaging from Febru-
ary 2004 to June 2005. Patient inclusion
criteria were (a) biopsy-proved adeno-
carcinoma of the prostate with written
documentation that radical prostatec-
tomy at the participating site was antic-
ipated within 6 months after the MR
examination; (b) an interval of at least 6
weeks between diagnostic biopsy and
the protocol MR examination; (c) radi-
cal prostatectomy performed within 6
months after the MR examination at
the participating institution, with sub-
mission of histopathologic specimens
for analysis; and (d) study-specific in-
formed consent signed before study
enrollment.

Subject exclusion criteria were (a) in-
ability to give valid informed consent,
whether because of age, a general med-
ical or psychiatric condition, or a phys-
iologic condition unrelated to the pres-
ence of prostate cancer; (b) unwilling-
ness or inability to undergo MR imaging
and MR spectroscopic imaging, includ-
ing that due to contraindications to MR
imaging; (c) contraindications to or in-
ability to tolerate endorectal coil inser-
tion—for example, before abdomino-
perineal resection of the rectum; (d) al-
lergy to latex (present in endorectal
coil); (e) surgery or other therapy that
might alter the morphology or metabo-
lism of the prostate before radical pros-
tatectomy, including cryosurgery, trans-
urethral prostate resection, pelvic radi-
ation therapy, androgen deprivation
therapy, use of PC Spes (Botanic Lab,
Brea, Calif) (an alternative medicinal
agent with hormonal activity), or bacil-
lus Calmette-Guérin vaccine for bladder
cancer; and/or (f) metallic hip implant
or any other metallic implant or device
that might distort the local magnetic
field homogeneity and compromise the
quality of the MR spectroscopic imaging
examination.

Patient Recruitment
Patients were recruited from the urol-
ogy clinics of the seven participating in-
stitutions. Subject eligibility was first as-
sessed by the participating urologists,
who then contacted the institutional

ACRIN research associate so that he or
she could further discuss the study with
the patient. Patients were enrolled be-
fore they underwent surgery and after
they signed a study-specific informed
consent form. A target study population
of 134 patients was established on the
basis of initial power calculations (de-
scribed in Statistical Analyses).

The target study population of 134
patients (mean age, 58 years; range,
39–74 years) was recruited. Twenty-four
patients were subsequently deemed ineli-
gible because (a) the interval between bi-
opsy and MR imaging was less than 6
weeks (n � 3), (b) they had undergone
hormonal therapy (n � 1), (c) they pre-
viously had undergone transurethral
prostate resection (n � 1), (d) they de-
clined to undergo MR imaging after ini-
tial enrollment (n � 1), (e) the MR ex-
amination could not be completed ow-
ing to anxiety or claustrophobia (n � 6),
(f) spectroscopic imaging was not per-
formed as part of the MR examination
(n � 1), (g) surgery was not per-
formed within 6 months after the MR
examination (n � 5), (h) histopatho-
logic specimens were not submitted
for central review (n � 4), and/or (i) the
MR data were of poor quality (n � 2).

Participating Site Selection Criteria
Seven academic medical centers in the
United States that met the following cri-
teria participated in the study: (a) They
submitted a protocol-specific applica-
tion to ACRIN headquarters. (b) They
provided a documented record of hav-
ing performed at least 50 radical pros-
tatectomies per year. (c) A 1.5-T MR
unit with endorectal MR imaging and
MR spectroscopic imaging capability
was installed at their facility. Only GE
Healthcare units were qualified since at
the time the study was developed and
initiated this company was the only ven-
dor with Food and Drug Administra-
tion–approved capability for the com-
plete data acquisition and analysis pro-
tocol described herein. In addition, in
this early period of technology diffusion,
it was desirable to ensure technical uni-
formity—a goal best accomplished by
using equipment from a single vendor.
(d) The participating site pathologist

supplied a written commitment to pro-
vide appropriate histopathologic speci-
mens—including step-section or whole-
mount specimens of the entire prostate
and lower seminal vesicles—for central
analysis. (e) The designated radiologist,
urologist, and pathologist at the given
institution provided signed documenta-
tion of his or her willingness and commit-
ment to participate in the study. (f) A
designated research associate and MR
technologist participated in the investiga-
tion.

MR Imaging and MR Spectroscopic
Imaging Techniques
The patients were instructed to self-ad-
minister a commercially available non-
prescription sodium biphosphate–so-
dium phosphate enema (Fleet Enema;
C. B. Fleet, Lynchburg, Va) on the day
of the MR examination to clean the rec-
tum and prevent degradation of the MR
spectroscopic images from fecal resi-
due.

All MR examinations were per-
formed by using 1.5-T whole-body GE
Healthcare MR units. Patients were im-
aged in the supine position with a pelvic
phased-array coil that was interfaced
with a disposable expandable endorec-
tal coil (eCoil Imaging System; Medrad)
via an ATD III connector (GE Health-
care). Both coils are receive-only de-
vices. The endorectal coil was posi-
tioned to lie immediately posterior to
the prostate, the balloon was filled with
air, and the coil was centered on the
prostate in the axial plane. Sagittal
rapid acquisition with relaxation en-
hancement localizer images were used
to check the position of the coil, which
was adjusted as necessary. The techni-
cal parameters used to perform the
MR imaging and MR spectroscopic
pulse sequences are summarized in
Table 1.

Three-dimensional MR spectro-
scopic images of the prostate were ac-
quired by using a commercial version
of the point-resolved spectroscopy se-
quence (PROSE; GE Healthcare). A
detailed description of this sequence is
provided in Appendix E1 (http://radiology
.rsnajnls.org/cgi/content/full/251/1/122
/DC1) (17–20).
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Spectral data were processed at an
Advantage workstation (GE Healthcare),
aligned with the corresponding MR im-
ages by using voxel-shifting and baseline
phase–correcting tools available with
the point-resolved spectroscopy sequence
package, and archived as an array of
spectral data (including automated esti-
mates of the choline plus creatine–to
citrate ratio and the choline-to-creatine
ratio) with the corresponding MR images
in Digital Imaging and Communications in
Medicine format. Peak area ratios were
calculated by means of integration of the
metabolite peak over a fixed frequency
range defined in a peak file containing
peak positions and widths.

Site Certification and Quality Assurance
Although personnel at all of the sites
had experience in endorectal MR imag-
ing of the prostate, endorectal MR spec-
troscopic imaging of the prostate was
being performed routinely at only two
sites prior to commencement of the
study. Accordingly, site certification
and quality assurance were integral to
the study protocol and included the fol-
lowing features:

Prior to the start of the trial, all
participating sites received a quality as-
surance prostate phantom with the
PROSE software. Technologists at all
participating sites were trained in ac-
quiring prostate imaging and spectral
data from the phantom and nonstudy
subjects. Before study patients were en-
rolled, each site had to demonstrate
proficiency in acquiring acceptable-
quality prostate images and spectra
from the phantom and three test sub-
jects who were not included as patients
in this study. Data quality was assessed
by an expert panel of two individuals
from the group of study investigators: a
radiologist (F.V.C.) and a spectrosco-
pist (J.K.) with more than 10 years ex-
perience in endorectal MR imaging and
MR spectroscopic imaging of the pros-
tate. Each site received feedback re-
garding the test cases rated as unac-
ceptable and had to provide additional
acceptable data sets before enrolling the
first study patient.

Before the start of the trial, the
designated research associate and ra-
diologist from each participating site
attended an intensive 1-day workshop

that entailed didactic lectures and
hands-on training in performing endo-
rectal MR imaging and MR spectro-
scopic imaging of the prostate and in-
terpreting the resultant data. The
workshop was organized by the Depart-
ment of Radiology of the University of
California, San Francisco. Designated
spectroscopists and MR physicists from
some of the sites also attended this
workshop.

During the course of the trial, inves-
tigators from all sites performed quality
assurance phantom studies within 1
week before the patient examinations to
ensure that the MR unit was functioning
properly for the acquisition of reproduc-
ible data. This was accomplished by using
the GE Healthcare brain spectroscopy
phantom, which yielded data that, com-
pared with the quality assurance prostate
phantom data, allowed a more straight-
forward evaluation of important technical
parameters, including shim value, spec-
trometer gain, water line width, and me-
tabolite signal-to-noise ratios. A single-
voxel spectroscopy package (PROSE)
with body excitation and 5-inch surface
coil receive capability was used to ac-

Table 1

Parameters for MR Imaging and MR Spectroscopy at 1.5 T

Parameter
Axial T1-weighted Spin Echo or Fast
Spin Echo*

Axial High-Spatial-Resolution
Fast Spin Echo†

Coronal High-Spatial-Resolution
Fast Spin Echo† Spectroscopic Spatial 3D‡

Coil Torso phased-array, endorectal Torso phased-array, endorectal Torso phased-array, endorectal Endorectal only
Anatomic coverage Aortic bifurcation to symphysis pubis Prostate and seminal vesicles Prostate and seminal vesicles Prostate, (determined from axial

T2-weighted images)
TR msec/TE msec§ 600–700/12 4000–6000/90–120 4000-6000/90–120 1000/130
Section thickness (mm)� 4–6 (0–1) 3 (0–1) 3 (0–1) 7 (0)
Field of view (mm) 200–320 100–140 100–140 110 � 55 � 55
Frequency direction Transverse Anteroposterior Anteroposterior or superoinferior . . .
Matrix 256 � 192 256 � 192 256 � 192 16 � 8 � 8
No. of signals acquired One Three to four Three to four One
Echo train length . . . Eight to sixteen Eight to sixteen . . .
Spectral width (Hz) . . . . . . . . . 1000
Points . . . . . . . . . 512
No. of signals per

phase-encoding step
. . . . . . . . . One

* For axial T1-weighted spin-echo or fast spin-echo imaging, a transverse frequency was applied to prevent endorectal coil motion–induced artifacts from obscuring the pelvic nodes.
† The high-spatial-resolution fast spin-echo sequences involved thin-section acquisition. An anteroposterior frequency was applied to prevent endorectal coil motion–induced artifacts from obscuring
the prostate gland.
‡ For spectroscopic spatial three-dimensional (3D) imaging, shim water resonance to 12 Hz or lower and a spatial resolution of .3 cm3 were applied.
§ TE � echo time, TR � repetition time.
� Numbers in parentheses are the intersection gap, expressed in millimeters.
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quire spectra from the spherical brain
spectroscopy phantom. The spectros-
copy package included a standard qual-
ity assurance protocol, which for a given
fixed set of acquisition parameters
yielded robust metabolite peak signal-
to-noise ratios that could be checked
across sites.

MR Image and MR Spectroscopic Image
Interpretation
Eight readers independently inter-
preted all images. These readers were
one designated reader at each institu-
tion (F.V.C., H.C., A.K., C.M.T.,
K.J.M., M.R., S.R.G.) and the principal
study investigator (J.C.W.), whose home
institution was not a participating site.
Two readers had less than 2 years expe-
rience performing endorectal MR imag-
ing and interpreting the resultant images,
two readers had 2–5 years experience,
three readers had 6–10 years experience,
and one reader had more than 10 years
experience. Each reader analyzed the
cases from his or her own institution and
all the cases from the other participating
sites. For each case, the MR image was
read first and the combined conventional
MR–MR spectroscopic image was read
immediately thereafter. The readers
were aware that the patient had biopsy-
proved prostate cancer but unaware of
all other clinical, laboratory, and his-
topathologic data. To prevent any unto-
ward clinical consequence of this lack of
awareness, the case images and the for-
mal clinical report, which was issued by
a different radiologist who was aware of
all relevant clinical findings, were read
separately.

Readers rated the likelihood of PZ
cancer presence in each sextant by us-
ing a five-point scale, with a score of 1
indicating PZ cancer was definitely not
present and a score of 5 indicating that
it definitely was present. They rated the
cancer likelihood first by using the MR
images alone and later by using the
combined MR–MR spectroscopic im-
ages. The readers recorded the maxi-
mal axial diameter of the largest focus
suspected of being malignant in each
sextant and noted the location of these
foci on a diagrammatic representation
of the prostate.

With use of an MR spectroscopic
imaging overlay sheet and preestab-
lished criteria for the probability of ma-
lignancy based on the choline plus creat-
ine–to citrate ratio and the choline-to-
creatine ratio, the location and size of
areas suspicious for cancer in the PZ of
the prostate were determined and the
type and total number of abnormal vox-
els were recorded for each lesion de-
picted at MR spectroscopic imaging.
The readers evaluated the degree of
concordance between the MR imaging
and combined MR imaging–MR spec-
troscopic imaging findings by noting the
subset of abnormal MR spectroscopic
imaging voxels that were concordant
with the abnormal MR findings (ie, vox-
els that demonstrated reduced signal in-
tensity in at least 50% of their extent at
T2-weighted imaging). In general, can-
cer was characterized morphologically
as an ovoid masslike or crescentic sub-
capsular focus of reduced signal inten-
sity on T2-weighted images and was
characterized metabolically by the pres-
ence of one or more voxels with suspi-
cious metabolism—that is, with the cho-
line peak elevated or the citrate peak
reduced such that these two peaks were
of similar height or the choline peak was
higher than the citrate peak. When
there was discordance between the MR
imaging signal intensity and MR spectral
findings, the reader was instructed to
give an intermediate score (ie, 3); how-
ever, on the basis of the readers’ assess-
ment and associated findings, other
scores were not precluded.

Although metabolic ratios and quan-
titative values of the spectra for the me-
tabolites of interest were recorded, they
were not the focus of this study and
were not used because there were no
fixed quantitative criteria for prostate
cancer identification. (This issue is fur-
ther addressed in the Discussion.)

Because there is no anatomic land-
mark that reproducibly indicates the
boundaries between the base, middle
region, and apex of the prostate, and for
consistency in defining sextants among
all the readers, the reader at the institu-
tion where each examination was per-
formed first determined the anatomic
location for each oblique axial T2-

weighted and spectroscopic image sec-
tion. To ensure anatomic consistency,
each subsequent reader was then re-
quired to use the anatomic section as-
signments of the host primary institu-
tion for that case. When an odd number
of voxels were present in the left-right
dimension and the central voxel strad-
dled the midline, this voxel was as-
signed to the right side by the reader at
the institution where the data were ac-
quired. No information other than this
was provided to the off-site readers.
The central part of the gland was not
evaluated.

Histopathologic Reference Standard
Radical prostatectomy tissue specimens
were coated with standard marking ink
and fixed in buffered formaldehyde. The
weight of the specimen, with the semi-
nal vesicles excluded, was recorded af-
ter fixation. The fixed specimen was
sliced, and two sets of slides were pre-
pared: one set for routine analysis at the
local institution and one set for central
submission to the ACRIN. The slides
were prepared as either whole-mount
step sections or standard blocks accord-
ing to the equipment and personnel ex-
pertise at the participating institution.
To prepare whole-mount step sections,
axial slices through the entire gland
were obtained at 3–4-mm intervals in a
plane perpendicular to the long axis of
the prostate. To prepare standard
blocks, axial slices through the prostate
and seminal vesicles were obtained at
3–4-mm intervals in a plane perpendic-
ular to the long axis of the prostate and
inserted into standard numbered blocks
by using an established method that en-
ables reconstruction of the prostate for
tumor mapping, localization, and mea-
surement (21).

All slides sent for centralized ACRIN
review were analyzed by the study pa-
thologist (T.M.W.). The study patholo-
gist was provided with pathology re-
ports from the participating institu-
tions. The location, grade, and size of
the tumor were recorded on a standard-
ized schematic diagram of the prostate
that corresponded to the MR schematic
diagrams. All tumor foci were evaluated;
this assessment included determining
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whether the foci were in the central
part of the gland or in the PZ. Whether
the dominant tumor in each patient was
in the central region or PZ was also
noted. The tumor stage determined by
using current American Joint Commit-
tee on Cancer criteria (22) was re-
corded. The interpretation provided by
the study pathologist served as the his-
topathologic reference standard for all
data analyses.

Data and Image Handling
Data were collected, managed, and ana-
lyzed by personnel from the ACRIN Bio-
statistics Center and the ACRIN Data
Management Center. The Biostatistics
Center is located at the Center for Sta-
tistical Sciences in Providence, RI. The
Data Management Center is located at
the Data Management Department of
the American College of Radiology in
Philadelphia, Pa (Appendix E1, http:
//radiology.rsnajnls.org/cgi/content
/full/251/1/122/DC1).

Expert Panel Review
Reference-standard information, defined
as the presence or absence of cancer in
a prostate sextant, was critical to the
statistical analysis. Use of the sextant
definitions established by the radiologist
at the participating site ensured that all
readers were defining the sextants in
the same fashion. However, there was
no way to directly associate these imag-
ing-based sextant definitions to the his-
topathologic reference standard. To ad-
dress this issue, an expert panel was
convened after the study was completed
and all reader interpretations were re-
ceived. The expert panel consisted of
the principal investigator (J.C.W.), the
co–principal investigator (F.V.C.), the
study spectroscopic consultant (J.K.),
and the project pathologist (T.M.W.).
Oversight and support for this panel
were provided by the study statistician
(J.D.B.) and personnel from the ACRIN
Biostatistics and Data Management
Centers. The role of the expert panel
was to determine whether cancer was
present or absent in each sextant of the
prostate by using the sextant definitions
provided by the local radiologists and
the histopathologic specimen data as

the reference standards. Once the panel
agreed on the correlation between the
MR and histopathologic findings, the
presence or absence of cancer in each
sextant was recorded. For the sextants
with cancer, the axial long- and short-
axis measurements of the tumor were
also noted. The histopathologic slides
were digitized and viewed on a com-
puter monitor alongside the MR images
for 2 days at the ACRIN headquarters in
Philadelphia. The MR images were cor-
related with the histopathologic speci-
mens by using landmarks such as the
urethra, ejaculatory ducts, nodules of
benign prostrate hyperplasia, and obvi-
ous cancers.

The image quality of the entire
three-dimensional MR imaging and MR
spectroscopic imaging data sets was
also assessed at this review. The quality
of the MR images was rated as diagnos-
tic or nondiagnostic by the principal in-
vestigator (J.C.W.) and the co–princi-
pal investigator (F.V.C.); they also re-
corded the presence or absence of
postbiopsy hemorrhage on the T1-
weighted images. Nondiagnostic images
were those degraded by motion or other
artifacts to the extent that the artifacts
prevented the meaningful evaluation of
tumor location. The study spectroscopic
consultant (J.K.) scored the quality of
the MR spectra by using a five-point
scale, where a score of 5 indicated ex-
cellent spectral quality and a score of 1
indicated nondiagnostic quality (23). An
MR spectroscopic image was consid-
ered to have excellent spectral quality
(score of 5) when the signal-to-noise ra-
tios of all metabolites were higher than
10, all metabolic resonances were well
resolved, and there were no baseline
distortions due to residual water or
lipid. An MR spectroscopic image was
considered to have good spectral quality
(score of 4) when the signal-to-noise ra-
tios of all metabolites were between 8
and 10, all metabolic resonances were
reasonably well resolved, or there were
minimal baseline distortions due to re-
sidual water or lipid. Spectroscopic im-
ages with lower signal-to-noise ratios
were considered to be of fair spectral
quality (score of 3), provided there was
no lipid contamination. Spectroscopic

images with substantial lipid contamina-
tion were considered to be of poor spec-
tral quality (score of 2). Spectroscopic
images in which lipid contamination or
other artifacts prevented meaningful
evaluation of the spectral signal were
considered to be nondiagnostic (score
of 1).

Statistical Analyses
The primary aim of this study was to
determine whether using combined MR
imaging–MR spectroscopic imaging, as
compared with using MR imaging alone,
improved the accuracy of detecting foci
of PZ prostate cancer on a sextant-by-
sextant basis. It was determined that a
study sample of 134 patients and at least
five readers would provide sufficient
power to detect a difference between
combined MR imaging–MR spectro-
scopic imaging with an accuracy of 0.73
and MR imaging alone with an accuracy
of 0.65 (14) when a two-sided 5% level
test with a positive sextant–to–negative
sextant ratio of 1:2 was used and an
inflation factor of 33% was used to ac-
count for cases with incomplete data
sets—specifically, those with missing
reference-standard findings and missing
correlation of sextants (24). The meth-
ods of Obuchowski and McClish (25–
28) were used for this computation.

For this study, the primary unit of
analysis was the prostate sextant and
the reference-standard finding was the
presence or absence of cancer in the
sextant at histopathologic analysis;
these parameters were agreed on by
members of the expert panel. The his-
topathologic volume of PZ cancer in
each sextant (V) was calculated from
the long- and short-axis diameters by
using the formula V � (4/3) � � � (D/2)3

(29), where D is the average of the long-
and short-axis diameters. SAS, version
9.0 (SAS Institute, Cary, NC); Stata,
version 9.0 (Stata, College Station,
Tex); and S-PLUS, version 7.0 (Insight-
ful, Seattle, Wash), statistical software
was used for data processing and statis-
tical analyses.

Initially, summary tables and simple
frequencies were used to assess the
data and check for outliers. As a first
step in the analysis, we dichotomized
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the results of all image readings to com-
pute the sensitivity, specificity, and pos-
itive and negative predictive values for
both MR imaging alone and combined
MR imaging–MR spectroscopic imag-
ing. To account for the trade off be-
tween sensitivity and specificity, the full
range of assessments made on the five-
point ordinal scale for likelihood of can-
cer was analyzed by using a receiver
operating characteristic method. Spe-
cifically, reader-specific receiver oper-
ating characteristic curves for the val-
ues achieved with both MR imaging
alone and combined MR imaging–MR
spectroscopic imaging were developed,
and the two areas under the receiver
operating characteristic curves (AUCs)
were estimated by using Mann-Whitney
statistics with appropriate 95% confi-
dence intervals. Before the diagnostic
accuracy values of MR imaging alone
and combined MR imaging–MR spec-
troscopic imaging were compared, 95%
confidence intervals of the average
AUCs for MR imaging alone and com-
bined MR imaging–MR spectroscopic
imaging across institutions were de-
rived (25).

Parametric comparisons were also
performed by using appropriately con-
structed analysis of variance models.
Freely available software (http://www
.bio.ri.ccf.org/html/rocanalysis.html)
was used to perform this primary com-
parison. Nonparametric comparisons of
average AUCs were made by using a U
statistic approach that enabled us to ac-
count for the correlation between sex-
tants and readers. With use of both the
nonparametric and the parametric ap-
proaches, the correlation that resulted
from imaging the patients with both
techniques was taken into consider-
ation. These analyses were also used to
examine possible variations in diagnos-
tic performance that were based on pa-
tient characteristics, reader character-
istics, and other covariates with simple
stratification.

A key design characteristic of this
study was the forcing of readers to ren-
der a specific assessment for each sex-
tant of the prostate. This characteristic
enabled us to evaluate the primary pa-
rameter: the accuracy with which read-

ers can locate or detect cancer in a sex-
tant of the prostate once the sextant is
defined. The choice of sextants was in-
consequential for our analysis: The only
requirement for generalizability was
that the readers evaluate the identical
images that were assigned to each sex-
tant in the prostate. However, any ap-
proach that involves subdividing the
prostate may be limited by the potential
for “chance detections” (30). The ratio-
nale for performing the sextant-by-sex-
tant analysis is described in Appendix
E1 (http://radiology.rsnajnls.org/cgi
/content/full/251/1/122/DC1).

Results

Study Participants
The mean age for the final group of 110
study patients was 58 years (range,
prostate-specific 45–72 years). The
mean prostatie-specific antigen level
was 5.9 ng/dL (range, 0.7–44.0 ng/dL).
The mean interval between biopsy and
MR imaging was 13 weeks (range, 6–55
weeks). The mean interval between MR
imaging and surgery was 12 days
(range, 0–158 days).

Histopathologic Analysis
In the final study group of 110 pa-
tients, prostatectomy tissue speci-
mens were analyzed by using whole-
mount step sections in 22 patients and
by using standard blocks in 88. No PZ
cancer was detected in three patients,

one patient had cancer confined to the
central part of the gland, and two pa-
tients had no detectable cancer in the
prostate. Of the 107 patients with PZ
cancer, 47 also had cancer in the cen-
tral part of the gland, and in 11 of
these patients, the cancer was domi-
nant in the central region. The mean
and median PZ tumor volumes in the
107 patients were 2.75 and 1.14 cm3,
respectively (range, 0.01–45.29 cm3).
The distribution of PZ tumor volumes
is shown in Figure 1. The histopatho-
logic tumor stages in the 107 patients
with cancer in the surgical specimen
were pT2 (organ confined) in 83 pa-
tients, pT3a (extracapsular extension)
in 18, and pT3b (seminal vesicle inva-
sion) in six; no patient had stage T4
disease. The median Gleason score
was 7 (range, 3–9). Thirty-nine pa-
tients had palpable disease at digital
rectal examination. In the final study
population of 110 men, 393 of 660
analyzed sextants contained PZ can-
cer.

MR Image and MR Spectroscopic Image
Quality
At expert panel review, the MR image
quality of all 110 imaging studies was
considered to be diagnostic. In 45 stud-
ies, postbiopsy hemorrhage was consid-
ered to be present. The distribution of
MR spectral quality scores assigned by
the study spectroscopic consultant at
the time of expert panel review are
shown in Table 2. Sixty-five studies

Figure 1

Figure 1: Graph shows distri-
bution of histopathologic PZ tu-
mor volumes. Numbers at top of
bars are numbers of patients.
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were assigned a good or excellent spec-
tral quality score. Twenty-one studies
were rated as poor, and six were rated
as nondiagnostic. Sixty-nine (63%) of
the 110 examinations were performed
at three institutions and accounted for
thirteen (48%) of all poor or nondiag-
nostic MR spectroscopic imaging stud-
ies. Twenty-three (21%) examinations
were performed at two institutions and
accounted for 12 (44%) of the poor or
nondiagnostic MR spectroscopic imag-
ing examinations.

MR Imaging and MR Imaging–MR
Spectroscopic Imaging Tumor
Localization
With eight independent readers, six
sextants analyzed per patient, and 110
patients, the final analysis included 5280
sextants. MR imaging alone (AUC,
0.60) and combined MR imaging–MR
spectroscopic imaging (AUC, 0.58) had
similar accuracy in PZ cancer localiza-
tion (P � .09) (Fig 2). The AUCs for
individual readers are shown in Table 3
and ranged from 0.57 to 0.63 for MR
imaging alone and from 0.54 to 0.61 for
combined MR imaging–MR spectro-
scopic imaging (Fig 3).

Overall, there was no demonstrable
incremental benefit from performing
combined MR imaging–MR spectro-
scopic imaging rather than MR imaging
alone, and most readers had similar
AUCs for MR imaging alone and com-
bined MR imaging–MR spectroscopic
imaging. For two readers, however, the
AUC for the combined examination was
significantly lower (P � .05) (Table 3).
In terms of sensitivity, both MR imaging
alone and combined MR imaging–MR
spectroscopic imaging performed signif-
icantly better in the detection of tumors
greater than 10 mm in largest axial di-
ameter and tumors with a volume
greater than 0.5 cm3. These results
were not influenced by the spectro-
scopic imaging spectral score, Gleason
score, presence of postbiopsy hemor-
rhage, or tumor palpability at rectal
examination. These subgroup analyses
are summarized in Appendix E1 (http:

//radiology.rsnajnls.org/cgi/content/full
/251/1/122/DC1).

Discussion

The results of this multi-institutional
study indicate that MR imaging alone
and combined MR imaging–MR spec-
troscopic imaging had similar modest
accuracy in the sextant localization of
PZ prostate cancer. However, they did
not confirm our primary hypothesis that
the addition of MR spectroscopic imag-
ing to MR imaging would improve tumor
localization. This hypothesis was based
on prior single-institution study results,
which indicated that the addition of MR
spectroscopic imaging to MR imaging
improves tumor localization (14,31), tu-
mor volume estimation (15), tumor stag-
ing for less experienced readers (17), and
tissue characterization (32,33). Given
the preponderance of evidence that MR
spectroscopic imaging adds value to MR
imaging in the evaluation of prostate
cancer, it is reasonable to ask why our
study did not reveal this benefit. There
are several possible reasons: First, our
study population consisted of a contem-
porary series of North American pa-
tients who underwent radical prostatec-
tomy. Such populations, in which diag-
noses are being rendered during an era
of widespread prostate-specific antigen
testing, inevitably will include predomi-
nantly patients with low risk and small
disease volume (typically clinical stage
T1c). The mean prostate-specific anti-
gen level in our study population (5.9

Figure 2

Figure 2: Receiver operating characteristic
curves of MR imaging values versus combined
MR imaging–MR spectroscopic imaging (MRSI)
values for all readers.

Table 2

Distribution of MR Spectral Quality
Scores Assigned per Patient

Institution
Spectral Quality Score

5 4 3 2 1 Total

A 3 6 5 5 0 19
B 1 3 2 6 2 14
C 3 9 4 3 1 20
D 0 4 0 1 0 5
E 6 5 1 1 0 13
F 1 3 1 2 2 9
G 7 14 5 3 1 30

Total 21 44 18 21 6 110

Note.—MR spectral quality scores were assigned per
patient by the study spectroscopic consultant at the
time of expert panel review.

Table 3

AUCs for Sextant PZ Prostate Cancer Localization with MR Imaging Alone and
Combined MR Imaging–MR Spectroscopic Imaging

Reader MR Imaging
Combined MR Imaging–MR
Spectroscopic Imaging P Value

1 0.6028 0.5856 .2614
2 0.5723 0.5425 .2399
3 0.6264 0.5907 .0475
4 0.6054 0.5933 .5311
5 0.6163 0.6050 .6271
6 0.6092 0.5741 .0268
7 0.5863 0.5930 .7359
8 0.6099 0.6029 .6338
All Readers 0.6007 0.5844 .0892
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ng/dL) was lower than the mean values
reported in other studies—8.2 ng/dL
(14,17), 8.0 ng/dL (31), 10.2 ng/dL
(32), and 13.9 ng/dL (33)—and thus
supports the view that our study popu-
lation was skewed toward patients with
low risk and low-volume disease despite
a median Gleason score of 7.

Second, many of the tumors de-
tected in our study were at or below the
current spatial resolution of MR spec-
troscopic imaging. The MR spectro-
scopic imaging voxel size in this study
was 0.34 cm3. In the ideal scenario in
which both the tumor and the voxel
have the same geometric center, a
spherical tumor must be at least 0.93
cm3 to completely fill a 0.34-cm3 voxel,
and more than one-third of the tumors
in our study population were below this
size threshold.

Third, this study involved the distri-
bution of a recently introduced technol-
ogy—endorectal MR spectroscopic im-
aging—to multiple sites and readers
with limited or no previous experience
with it. The ACRIN�s successful fulfill-
ment of this study requirement is a non-
trivial accomplishment, and it is note-
worthy that imaging studies of generally
good spectral quality were acquired at
the sites despite the limited experience
(involving a small number of test cases)
of their personnel. Nevertheless, there
were definite differences in the quality
of the MR spectroscopic imaging data
between the different participating in-
stitutions, two of which together con-
tributed only 21% of the cases and ac-
counted for 44% of the poor or nondi-
agnostic MR spectroscopic imaging
examinations. Likewise, for six read-
ers, the sextant localization of cancer
was similar between MR imaging alone
and combined MR imaging–MR spec-
troscopic imaging; however, two read-
ers’ diagnostic interpretations of the
combined MR imaging–MR spectro-
scopic imaging data were less accurate.
These results were not unexpected in
the early stages during which this re-
cently introduced diagnostic imaging
tool was distributed. With increasing
experience, the uniformity and quality
of MR spectroscopic imaging data and
the interpretation of combined MR im-

aging–MR spectroscopic imaging data
are likely to improve.

It is instructive to compare our re-
sults with those of prior multi-institu-
tional and large studies of prostate can-
cer imaging. An earlier multi-institu-
tional study performed by the Radiology
Diagnostic Oncology Group, which had
many features similar to those of the
ACRIN trial described herein, showed
no difference in AUCs between MR im-
aging (0.67) and transrectal US (0.62)
in the detection of extracapsular exten-
sion (34). The Radiology Diagnostic On-
cology Group study data were published
in 1990, the investigation did not in-
volve the use of surface or endorectal
coils but rather the use of MR technol-
ogy and pulse sequences that are now
obsolete, and the investigators did not
explicitly describe the imaging criteria
used to diagnose extracapsular exten-
sion. Furthermore, the investigators did
not attempt to assess the capability for
tumor localization.

Investigators in another multi-insti-
tutional trial found that using an endo-
rectal coil in conjunction with standard
body coils did not improve tumor stag-
ing accuracy (61% with body coils alone
vs 57% with combined endorectal and
body coils) (35). However, this study
also involved the use of hardware and
software that are now outdated. The
study results did, however, show wide
interreader variability. D’Amico et al
(36) evaluated the role of MR imaging in
predicting the time to prostate-specific
antigen failure after radical prostatec-
tomy in 1025 men. Patients in medium-
and high-cancer-risk groups (based on
stratification performed by using pros-
tate-specific antigen level, Gleason score,
stage at digital rectal examination, and
percentage of biopsies with results posi-
tive for cancer) who had stage T3 disease
at MR imaging had a significantly worse
prognosis than did those with T2 disease
at MR imaging. In the low-risk group
(61% of the population), the distinction
between T3 and T2 disease at imaging
was not of prognostic importance. Over-
all, the results of these studies support
the concept that MR imaging has limited
accuracy, particularly when performed
in patients with low cancer risk. Inves-

tigators in future trials of endorectal MR
imaging and MR spectroscopic imaging
will need to pay close attention to pa-
tient selection because the value of this
technology may lie in its diagnostic per-
formance in intermediate- and higher-
risk groups.

Our study had a number of limita-
tions. Like investigators in many other
prostate MR studies, we used surgical
histopathologic analysis as the refer-
ence standard. However, using this
method, which superficially seems to be
the most objective and scientific, has
several consequences that may restrict
the true benefits of imaging. As noted
earlier, including only those patients
who undergo surgery introduces a large
selection bias because patients with
high-risk disease are more likely to se-
lect nonsurgical treatment (37). Fur-
thermore, the emphasis on comparing
imaging analysis with histopathologic
evaluation of tumor extent or stage ig-
nores the issue that really matters to
patients: the clinical outcome. It is con-
ceivable that two tumors with the same
histopathologic appearance can have
quite different MR or MR spectroscopic
imaging findings that are predictive of
outcome. Such differences, which might
be critical for improving specific clinical
management and tailoring the adjuvant
therapy to those at highest risk of recur-
rence, would be missed at histopatho-
logic analysis. It is possible that future

Figure 3

Figure 3: Receiver operating characteristic
curves of combined MR imaging–MR spectro-
scopic imaging values for individual readers.
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prostate MR imaging–MR spectroscopic
imaging trials will yield more favorable
results if patients who are not under-
going surgery (particularly those who
choose radiation therapy) are recruited
and outcome, such as prostate-specific
antigen level or survival, is used as the
endpoint. There are disadvantages to
using such an approach: 5–10 years of
follow-up will be required to obtain
meaningful endpoint data, and several
confounders are likely to result from the
differences in patient clinical manage-
ment.

We did not analyze tumor stage as
an endpoint in this study. This was a
deliberate decision because prior study
results indicate that the main benefit of
using MR spectroscopic imaging is im-
proved assessment of tumor volume, tu-
mor aggressiveness, and tissue character-
ization, with an, at best, indirect benefit
to staging accuracy (14,15,17,31,32).
Furthermore, the importance of detect-
ing extracapsular extension has recently
been challenged owing to the reported
good long-term outcomes after radical
prostatectomy in men with extracapsu-
lar disease (38). Finally, accurate deter-
mination of the tumor location and the
number of sextants involved seems to
be becoming an increasingly important
endpoint because of the recognition that
tumor volume is an important prognos-
tic indicator and the emergence of local
therapies for prostate cancer (39,40).

In our study, we analyzed cancer in
only the PZ, where most cancers occur.
The morphologic and metabolic charac-
teristics of central gland cancer at MR
imaging and MR spectroscopic imaging
are not as well established as those of
PZ cancer (41–43), and imaging evalu-
ation of the central part of the gland is
complicated by the frequent coexis-
tent heterogeneity introduced by be-
nign prostatic hyperplasia. The finding
that only 12 (11%) of the 108 patients
with confirmed cancer at radical pros-
tatectomy had isolated or dominant
central gland tumor (as determined by
the study pathologist) supports our de-
cision to focus on PZ cancer. However,
the lack of analysis of the central part of
the gland was unquestionably a limita-
tion of this study.

Another limitation was the manner
in which the histopathologic and MR im-
aging data were correlated. In our opin-
ion, using whole-mount sections to cor-
relate MR imaging and histopathologic
data is more precise than using stan-
dard blocks; however, we prepared
only 20% of the radical prostatectomy
tissue specimens by using whole-mount
sections. Matching imaging and his-
topathologic data can be challenging,
even with use of whole-mount sections,
but it can be facilitated by acquiring the
imaging data in the same plane as the
histopathologic slices. Because this was
not done in the current study, some of
the histopathologic and imaging data
correlations may have been unreliable;
however, there is no reason to believe
that the overall findings of this study
were compromised.

Twenty-four of the 134 initially re-
cruited patients were deemed ineligible.
In a study such as this, with exacting
and demanding inclusion criteria, this
was not unexpected, and there is no
reason to believe that any selection bias
was introduced. Nevertheless, of the 24
ineligible patients, six were unable to
complete the MR examination owing to
anxiety or claustrophobia and one de-
clined to undergo MR imaging after ini-
tial enrollment; these cases demon-
strate that there may be a sizeable num-
ber of patients who do not willingly
undergo MR imaging. Perhaps greater
attention to patient comfort, increased
use of sedation, and/or the use of wider
or more open magnet bores could have
alleviated this problem.

We did not use specific metabolic
ratios as criteria for malignancy in this
study, and some may consider this a
limitation of the study design. Although
the inclusion of metabolic ratios in pre-
vious scientific reports was appropri-
ately objective, it may have created the
perception that the interpretation of
MR spectroscopic imaging data is largely
quantitative. In reality, the day-to-day
clinical interpretations of MR spectra
are more complex. Automatically gen-
erated ratios are often meaningless be-
cause of noise (eg, negative numbers or
values that are implausibly high or low),
although visual evaluation of the spectra

still may be possible. The spectra are
not reviewed in isolation but rather in
the context of the adjacent voxels. A
voxel with an equivocally elevated cho-
line concentration may be more or less
suspicious depending on the choline
level in the neighboring voxels. In prac-
tice, a voxel can be interpreted only af-
ter the corresponding T2-weighted im-
ages have been inspected to confirm
that the tissue is predominantly pros-
tatic and not contaminated by choline in
the adjacent muscle or seminal vesicle.
Knowledge of the T2-weighted image
findings also might have a conscious or
subconscious influence on one’s spectro-
scopic data assessment. Such qualitative
interpretation has been shown to have
high accuracy in the differentiation of be-
nign and malignant prostate tissue, with
high interobserver agreement (31,44).
Given these considerations, we opted to
use a qualitative approach in this study.

Finally, this study should be viewed
as a “snapshot” of the status of prostate
MR imaging technology and experience
during the period in which the described
MR examinations were conducted—from
2004 to 2005. MR assessment of prostate
cancer is rapidly evolving owing to the
emergence of 3-T imagers (with high field
strength facilitating greatly improved MR
spectral quality and resolution), diffusion
MR imaging, and dynamic contrast mate-
rial–enhanced (perfusion) MR imaging
(31,44–46). All of these techniques hold
promise for facilitating improved prostate
cancer imaging, and the role of the next
multi-institutional study of endorectal MR
imaging of prostate cancer may be to es-
tablish the relative benefit of using these
different technologies at high field
strength as part of a combined multipara-
metric examination.

Prostate cancer—involving both an
organ and disease that are difficult to
image—poses huge challenges for radi-
ologists. However, the need for im-
proved noninvasive risk-based stratifi-
cation of patients with prostate cancer
is great, and the modest results of our
study should serve as an impetus to pur-
sue novel and advanced diagnostic ap-
proaches rather than as an indicator
that MR imaging has little to offer. The
technical and logistic challenges that

GENITOURINARY IMAGING: MR Sextant Localization of Prostate Cancer Weinreb et al

Radiology: Volume 251: Number 1—April 2009 ▪ radiology.rsnajnls.org 131



were overcome and the experience
gained in this study should be useful for
future multi-institutional trials.

In conclusion, in patients with rela-
tively low-volume and low-risk disease
who undergo radical prostatectomy, the
accuracy of combined endorectal MR im-
aging–MR spectroscopic imaging at 1.5 T
for sextant localization of PZ prostate can-
cer is equal to that of MR imaging alone.
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