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Prostate Cancer: Correlation
of MR Imaging and MR
Spectroscopy with Pathologic
Findings after Radiation
Therapy—Initial Experience1

PURPOSE: To prospectively evaluate magnetic resonance (MR) imaging and MR
spectroscopy for depiction of local prostate cancer recurrence after external-beam
radiation therapy, with step-section pathologic findings as the standard of
reference.

MATERIALS AND METHODS: Study received institutional approval, and written
informed consent was obtained. Study was compliant with Health Insurance Port-
ability and Accountability Act. Sextant biopsy, digital rectal examination, MR imag-
ing, MR spectroscopy, and salvage radical prostatectomy with step-section patho-
logic examination were performed in nine patients with increasing prostate-specific
antigen levels after external-beam radiation therapy. MR imaging criterion for tumor
was a focal nodular region of reduced signal intensity at T2-weighted imaging. MR
spectroscopic criteria for tumor were voxels with choline (Cho) plus creatine (Cr) to
citrate (Cit) ratio ([Cho � Cr]/Cit) of at least 0.5 or voxels with detectable Cho and
no Cit in the peripheral zone. Sensitivity and specificity of sextant biopsy, digital
rectal examination, MR imaging, and MR spectroscopy were determined by using a
prostate sextant as the unit of analysis. For feature analysis, MR imaging and MR
spectroscopic findings were correlated with step-section pathologic findings.

RESULTS: MR imaging and MR spectroscopy showed estimated sensitivities of 68%
and 77%, respectively, while sensitivities of biopsy and digital rectal examination
were 48% and 16%, respectively. MR spectroscopy appears to be less specific (78%)
than the other three tests, each of which had a specificity higher than 90%. MR
spectroscopic feature analysis showed that a metabolically altered benign gland
could be falsely identified as tumor by using MR spectroscopic criteria; further
analysis of MR spectroscopic features did not lead to improved MR spectroscopic
criteria for recurrent tumor.

CONCLUSION: In summary, MR imaging and MR spectroscopy may be more
sensitive than sextant biopsy and digital rectal examination for sextant localization
of cancer recurrence after external-beam radiation therapy.
© RSNA, 2005

About 25% of all patients that receive a diagnosis of prostate cancer are treated with
external-beam radiation therapy (1). Although this method is considered a definitive
(curative) treatment for prostate cancer, the reported 5-year prostate-specific antigen (PSA)
relapse rate ranges from 15% for low-risk patients to 67% for high-risk patients (2). After
PSA relapse, selected patients with biopsy-proved local recurrence, pretreatment clinical
stage of T1–T2, no evidence of metastatic disease, and life expectancy of more than 10
years may be selected for salvage radical prostatectomy (3). Diagnosis of local recurrence
with digital rectal examination, transrectal ultrasonography (US), and transrectal US–
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guided sextant biopsy, however, repre-
sents a considerable clinical challenge
and may require repeated biopsies (2,4).

In the untreated prostate gland, en-
couraging results in the local staging of
prostate cancer with endorectal MR im-
aging have been reported (5). Although
the use of MR imaging in the detection of
local recurrence after external-beam radi-
ation therapy has not been studied sys-
tematically, MR imaging is generally pre-
sumed to be of limited value because of
diffuse reduction in signal intensity at
T2-weighted MR imaging after radiation
therapy, which is caused by glandular at-
rophy and fibrosis (6–8). Nevertheless,
on T2-weighted MR images, detection of
nodules that have low signal intensity
compared with the surrounding periph-
eral zone can signify recurrent cancer (8).

Recent developments in MR technol-
ogy have enabled a three-dimensional
metabolic map of the entire prostate
gland to be obtained with subcentimeter
resolution by using hydrogen 1 (1H) MR
spectroscopy (5,9). MR spectroscopy is
performed as an adjunct to endorectal
MR imaging to allow simultaneous ana-
tomic and metabolic cancer detection. In
the untreated gland, MR spectroscopy al-
lows cancer to be distinguished from nor-
mal glandular tissue on the basis of an
increased choline (Cho) plus creatine
(Cr) to citrate (Cit) ratio ([Cho � Cr]/Cit)
(9,10). MR spectroscopy has been effec-
tive in improving the accuracy of MR
imaging in prostate cancer localization
and staging (11–13). MR spectroscopic
studies in patients treated with hormone
therapy showed profound metabolic
changes in both normal and malignant
tissue, requiring a modification of criteria
for cancer detection (14,15). To our
knowledge, there are no reported studies
of patients treated with external-beam ra-
diation therapy that correlate MR imag-
ing and MR spectroscopic findings with

step-section pathologic findings from sal-
vage radical prostatectomy. Thus, the
purpose of this study was to retrospec-
tively evaluate MR imaging and MR spec-
troscopy for depiction of local prostate
cancer recurrence after external-beam ra-
diation therapy by using step-section
pathologic findings as the standard of
reference.

MATERIALS AND METHODS

Patients

Between August 1999 and October
2003, 11 patients underwent combined
endorectal MR imaging and MR spectros-
copy (study entry time point) after exter-
nal-beam radiation therapy and prior to
salvage radical prostatectomy. Nine of 11
patients (mean age, 59 years; age range,
54–63 years) were included in our retro-
spective analysis. Two patients, one who
underwent chemohormonal therapy
prior to salvage radical prostatectomy
and another who underwent MR imaging
and MR spectroscopy more than 6
months prior to salvage radical prostatec-
tomy, were excluded from data analysis.

The patients enrolled in this study
were a subset of an ongoing National In-
stitutes of Health study on the investiga-
tion of the value of MR imaging and MR
spectroscopy in prostate cancer. The Na-
tional Institutes of Health study received
the institutional approval of the Com-
mittee on Human Research, and written
informed consent was obtained from all
patients. Our study was compliant with
the Health Insurance Portability and
Accountability Act. These approvals in-
cluded the ability to conduct subset
analysis. The mean radiation dose was
7680 cGy (range, 6660–8100 cGy), and
the mean time between external-beam
radiation therapy and MR imaging and
MR spectroscopic examination was 55

months (range, 22–86 months). At the
time of MR imaging and MR spectros-
copy, all patients had increasing PSA
levels after radiation treatment nadir,
and six of nine satisfied the criteria of
The American Society for Radiology
and Oncology, or ASTRO, consensus
panel for radiation therapy failure
(three consecutive PSA increases from
the nadir after radiation treatment, re-
gardless of the specific PSA values) (Ta-
ble 1). The patients were selected for
salvage radical prostatectomy on the
basis of published guidelines (3): (a) bi-
opsy-proved local recurrence; (b) pre-
treatment clinical stage of T1–T2 (T1c,
two patients; T2a, one patient; T2b,
three patients; and T2c, three patients);
(c) life expectancy of more than 10 years
(age range, 54–63 years); and (d) no evi-
dence of metastatic disease (Table 2).

After salvage radical prostatectomy,
PSA level was undetectable (�0.1 ng/mL)
in seven patients, indicating that these
patients most likely had only local recur-
rence and no metastasis. One patient (pa-
tient 2) had a low PSA level of 0.22 ng/mL
immediately after salvage radical prosta-
tectomy, which decreased to 0.1 ng/mL 2
months later; this was more likely due to
positive surgical margins found at patho-
logic examination than to occult distant
metastasis. Patient 6 had persistently
high PSA levels, consistent with meta-
static disease.

The mean time between MR imaging
and MR spectroscopic examination and
salvage radical prostatectomy was 3
months (range, 1–6 months). All patients
had only a modest increase in PSA level
between MR imaging and MR spectro-
scopic examination and salvage radical
prostatectomy (0.83 to 1.63 times) and
were considered suitable for correlation
of diagnostic findings with step-section
pathologic findings (Table 1).

TABLE 1
PSA Values for Nine Patients

Patient
No.

Nadir PSA Level
(ng/mL)

PSA Level at
MR Imaging

(ng/mL)

ASTRO Criteria
Satisfied at MR

Imaging

Time from MR to
Salvage Radical
Prostatectomy

(mo)

PSA Level at
Salvage Radical
Prostatectomy

(ng/mL)

PSA Level at Salvage Radical
Prostatectomy Divided by
PSA Level at MR Imaging

(ng/mL)

1 0.1 2.37 No 1 2.37 1.00
2 0.2 11.88 Yes 2 11.88 1.00
3 0.4 1.28 Yes 2 1.32 1.03
4 0.66 3.23 Yes 1 3.23 1.00
5 0.36 1.17 No 4 0.97 0.83
6 0.9 6.02 Yes 2 8.5 1.41
7 0.2 1.61 Yes 6 1.92 1.19
8 0.1 2.75 Yes 6 4.48 1.63
9 1.18 3.06 No 4 2.78 0.91

546 � Radiology � August 2005 Pucar et al

R
a

d
io

lo
gy



Endorectal MR Imaging and MR
Spectroscopy

MR imaging and MR spectroscopic tech-
nique.—Combined MR imaging and MR
spectroscopic examinations were per-
formed with a 1.5-T imager (Signa Ho-
rizon; GE Medical Systems, Milwaukee,
Wis) by using a phased-array and endo-
rectal coil, as described previously (9–
11). Transverse T1-weighted spin-echo
MR images were obtained from the aor-
tic bifurcation to the symphysis pubis
with the following parameters: repeti-
tion time msec/echo time msec, 700/8;
section thickness, 5 mm; intersection
gap, 1 mm; field of view, 24 cm; matrix,
256 � 192; and two signals acquired.
Thin-section high-spatial-resolution trans-
verse and coronal T2-weighted fast spin-
echo MR images of the prostate and sem-
inal vesicles were obtained with the fol-
lowing parameters: 4000/96; echo train
length, 16; section thickness, 3 mm; in-
tersection gap, 0 mm; field of view, 14
cm; matrix, 256 � 192; and four signals
acquired. Transverse T2-weighted MR im-
ages were postprocessed to correct for the
reception profile of the endorectal coil.

Software developed at the University
of California, San Francisco, was used for
three-dimensional 1H MR spectroscopic
data acquisition and processing (9,16).
MR spectroscopic data were acquired by
using point-resolved spatially localized
spectroscopy, or PRESS, (17) that was op-
timized for detection of both Cho and
Cit. Band-selective inversions with gradi-
ent dephasing, or BASING, pulses were
used for water and lipid suppression (16).
Data sets were acquired as 16 � 8 � 8
(1024 voxels) or 8 � 8 � 8 (512 voxels)
phase-encoded arrays with the following
parameters: 1000/130, 6.25-mm resolu-

tion in all three dimensions, spectral
width of 1250 Hz, 512 points, and acqui-
sition time of 17 minutes. Data process-
ing included 2-Hz lorentzian apodiza-
tion, four-dimensional Fourier trans-
form, and automated frequency, phase,
and baseline correction. Spectral data
were zero-filled to 3.1-mm resolution in
the superior-inferior dimension, result-
ing in an effective voxel size of 0.12 cm3

for data analysis; they were then super-
imposed over transverse T2-weighted MR
images to allow simultaneous metabolic
and anatomic evaluation. The superim-
position was automatic because the MR
spectroscopic data were acquired in the
same position and with the same gradi-
ents as the MR imaging data. Peak areas
for Cho, Cr, and Cit were calculated by
means of numeric integration. To pro-
vide a noise measure, the noise standard
deviation over a frequency range equiva-
lent to the peak integration range but in
an area containing only noise was calcu-
lated for each peak. The peak areas were
then normalized with respect to the
noise standard deviation to give an ap-
proximate signal-to-noise ratio (SNR).

MR image interpretation.—All MR im-
ages were interpreted retrospectively by
one radiologist (H.H.) with extensive ex-
perience (�15 years) in reading prostate
endorectal MR images. The reader was
aware that patients had recurrent pros-
tate cancer but was unaware of other
clinical or MR spectroscopic data or sur-
gical pathologic findings. The MR images
were assessed for reduced signal intensity
in the peripheral zone at T2-weighted im-
aging, and the findings were classified in
three categories as follows: (a) focal (re-
gional) reduction of signal intensity at
T2-weighted MR imaging compared with

the surrounding peripheral zone, and the
region of signal intensity reduction has a
nodular shape; (b) focal (regional) reduc-
tion of signal intensity at T2-weighted
MR imaging compared with the sur-
rounding peripheral zone, and the region
of signal intensity reduction does not
have a nodular shape; and (c) diffuse re-
duction of signal intensity at T2-
weighted MR imaging throughout the
peripheral zone. This classification sys-
tem was derived from published data on
MR imaging in patients treated with ra-
diation therapy (6–8).

Investigators in a previous study (8)
suggested that focal nodular regions of
reduced signal intensity at T2-weighted
MR imaging can be used to identify tu-
mor after external-beam radiation ther-
apy, and in our study, only this finding
was considered a criterion for tumor. The
MR imaging feature analysis was used to
correlate the three categories of reduced
signal intensity at T2-weighted MR imag-
ing outlined earlier by using step-section
pathologic findings as the standard of
reference.

MR spectroscopic interpretation.—MR
spectroscopy data were interpreted by
one spectroscopist (A.S.D.) with 3 years
of experience in prostate MR spectros-
copy. The MR spectroscopic voxels were
considered usable for data analysis if
they contained at least 75% of periph-
eral zone tissue, did not include tissue
surrounding urethra and ejaculatory
ducts, and were free from substantial
water and lipid contamination. The
metabolite (Cho, Cr, and Cit) peaks
were considered to be present at diag-
nostic levels if the SNR was above the
threshold of 3:1. The usable voxels were
classified as follows: (a) nondiagnostic
voxels, voxels with nondiagnostic lev-
els of metabolites; (b) Cit voxels, voxels
with diagnostic levels of Cit; and (c) Cho
voxels, voxels with nondiagnostic levels
of Cit and diagnostic levels of Cho. On
the basis of published data in untreated
and hormone-treated gland (9–12,14,
15,18,19), Cit voxels with a (Cho � Cr)/
Cit ratio of 0.5 or more and all Cho
voxels were considered suspicious (cri-
teria) for tumor in the peripheral zone.
To calculate the (Cho � Cr)/Cit ratio in
Cit voxels with nondiagnostic levels of
Cho and/or Cr, the levels of these me-
tabolites were assigned a value equiva-
lent to the noise standard deviation.
The MR spectroscopic feature analysis
allowed correlation of Cit and Cho vox-
els with step-section pathologic find-
ings.

TABLE 2
Metastasis Evaluation Prior to Salvage Radical Prostatectomy

Patient
No.

Regional Lymph
Nodes at MR or CT

Bone Scan
Results

Imaging Findings of Equivocal
Lesions on Bone Scans

1 �10 mm Negative NA
2 Negative Negative NA
3 �10 mm Equivocal Degenerative changes at radiography
4 Negative Equivocal Negative MR findings
5 Negative Equivocal Negative MR findings
6 �10 mm Negative NA
7 Negative Equivocal Degenerative changes at CT
8 Negative NA NA
9 Negative Negative NA

Note.—No patients had clinically important nodes (�10 mm largest diameter) at endorectal MR
imaging of the pelvis and/or computed tomography (CT) of the abdomen and pelvis. The absence
of metastasis in patients with equivocal bone scans was determined with radiography, CT, or MR
imaging of suspected lesions. NA � not applicable; the patient did not undergo the test.
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Pathologic Procedure

Pathologic step sections were obtained
for correlation with MR imaging and MR
spectroscopic findings. Prostatectomy
specimens were stained with India ink
(green dye on right, blue dye on left) and
fixed in 10% formalin for 36 hours. The
distal 5 mm of the apex was amputated
and coned. The remainder of the gland
was serially sectioned from apex to base
to obtain transverse slices at 3–4-mm in-
tervals, and the slices were submitted for
paraffin embedding as whole mounts.
The seminal vesicles were amputated and
submitted separately. After paraffin em-
bedding, microsections were placed on
glass slides and stained with hematoxy-
lin-eosin. The microsections were re-
viewed in consensus by two pathologists
(K.K. and S.O., with 2 and 4 years of
experience in prostate cancer pathologic
examination, respectively). The tumor
areas were mapped on each slice with a
marker. The volumes (in cubic centime-
ters) of individual tumor foci were calcu-
lated with computerized planimetry by
using image analysis and measurement
software (Image-Pro Plus 4.0; Media Cy-
bernetics, Silver Spring, Md), as described
previously (20). The magnitude of radia-
tion-induced effects in benign gland and
cancer was also assessed.

Correlation of MR Imaging and MR
Spectroscopic Findings with
Pathologic Findings

This correlation was conducted by one
author (D.P., who had 2 years of experi-
ence in MR imaging, MR spectroscopic,
and pathologic correlation), who was not
involved in the interpretation of MR im-
aging, MR spectroscopic, and pathologic
data. Transverse T2-weighted MR images
with superimposed MR spectroscopic data
were matched with transverse pathologic
step sections on the basis of the following
anatomic landmarks: (a) the presence of
urinary bladder and seminal vesicle tis-
sue on superior sections; (b) the section
with the largest diameter and progressive
changes in the diameter of the sections;
(c) the section where the ejaculatory
ducts enter the verumontanum; (d) the
anterior and/or posterior and left and/or
right position of the ejaculatory ducts
and urethra, and the shape of the ure-
thra; (e) the thickness of the peripheral
zone and the position of the pseudocap-
sule; and (f) the presence, size, and shape
of the transition zone. The precision of
matching in the superior-inferior direc-
tion was estimated as �1 transverse sec-

tion (�3 mm). On the basis of these
matches, MR imaging and MR spectro-
scopic findings were correlated with step-
section pathologic findings.

Sextant Biopsy and Digital Rectal
Examination

The results of sextant biopsy and digi-
tal rectal examination were obtained
from available clinical reports (data were
collected by L.E.E., who had 2 years of
experience in prostate cancer data re-
view). Sextant biopsy was performed at
one institution in eight of nine patients,
and the information about the tumor
presence in each sextant was available.
Patient 6 underwent biopsy at a different
institution, and tumor presence was re-
ported for each lobe. All patients were
followed up with serial digital rectal ex-
amination, and the tumor location was
specified in each sextant.

Data and Statistical Analysis

Sextant tumor localization.—Sextants
were defined in the same way on trans-
verse T2-weighted MR images and patho-
logic step sections. The base included all
sections from the superior margin of the
prostate bladder up to, but not including,
the section with the largest diameter. The
midgland included the sections from the
section with the largest diameter to the
section where ejaculatory ducts enter the
verumontanum. The apex included the
remaining inferior sections of the pros-
tate. The left and the right sides of the
prostate were separated along the median
sagittal plane through the verumonta-
num. A sextant was considered positive
at pathologic examination if it contained
at least one tumor focus. Tumors could
span more than one sextant and were
counted as being present in all applicable
sextants. Binary MR imaging, MR spec-
troscopic, biopsy, and digital rectal ex-
amination data were obtained for each
sextant to determine whether there was
at least one tumor in the sextant.

A sextant was classified as positive at
MR imaging if it contained at least one
focal nodular region of reduced signal
intensity at T2-weighted MR imaging. A
sextant was classified as positive at MR
spectroscopy if it contained at least one
suspicious voxel. By using step-section
pathologic findings as the standard of
reference, the sensitivity and specificity
of all diagnostic tests were estimated by
using the sextant as the unit of analysis;
the methodologic approach was similar
to that described in the literature (21).

Joint 95% confidence intervals were
based on bootstrap percentile intervals
(22,23) that take into account the clus-
tering of the multiple tumors and multi-
ple sextants within each patient.

MR spectroscopic feature analysis.—In
MR spectroscopic feature analysis, diag-
nostic voxels (Cit and Cho voxels) were
characterized as benign or cancerous.
The median (Cho � Cr)/Cit ratios in be-
nign and cancerous Cit voxels were com-
pared by using a permutation test that
takes into account the correlation due to
the multiple tumors and voxels per pa-
tient. In addition, the MR spectroscopic
feature analysis was intended to assess
whether Cho voxels occur in benign
gland. If Cho voxels were found in the
benign gland, the Cho SNRs in benign
and cancerous Cho voxels were com-
pared by using a permutation test that
again accounted for the correlated data.
A receiver operating characteristic (ROC)
curve was used, with the voxel as the unit
of analysis, to aid in assessing the (Cho �
Cr)/Cit ratio cutoff for determining vox-
els suspicious for tumor.

RESULTS

Pathologic Findings

Table 3 provides a summary of patho-
logic findings. A total of 15 tumors were
observed in nine patients: eight clinically
important (volume range, 0.22–3.78
cm3) and seven not considered clinically
important (volume range, 0.001–0.060
cm3). In a total of 54 sextants, 31 were
positive for tumor, and the median num-
ber of cancerous sextants per patient was
three (range, two to six). Eight clinically
important tumors were present in 25 sex-
tants, while seven tumors considered not
clinically important independently ac-
counted for an additional six positive
sextants. Six of nine patients had extra-
prostatic disease, and in each case, it orig-
inated from clinically important tumors.
In this study, the volume threshold for
clinically important tumor was reduced
(0.22 cm3) from the published threshold
(24) in the untreated gland (0.5 cm3) be-
cause two patients had extraprostatic dis-
ease that originated from tumors smaller
than 0.5 cm3. Radiation effects were
prominent in patient 1, who had tumor
that could not be graded and severe atro-
phy and fibrosis in the benign gland. All
other patients had viable tumors and be-
nign glandular tissue that displayed mild
atrophy and fibrosis.
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MR Imaging, Sextant Biopsy, and
Digital Rectal Examination

MR imaging, sextant biopsy, and digi-
tal rectal examination each had more
than 90% specificity for sextant tumor
localization; however, MR imaging ap-
pears to be more sensitive (68%) than
sextant biopsy (45%) and digital rectal
examination (16%) (Table 4). MR spec-
troscopy had higher sensitivity (77%) but
lower specificity (78%) than other diag-
nostic tests. Figure 1 provides a represen-
tative example of tumor localization with
MR imaging and MR spectroscopy.

On T2-weighted MR images, diffuse
signal intensity reduction throughout
the peripheral zone and a decreased con-
spicuity of zonal anatomy was observed
in all nine patients (Table 5). A focal nod-
ular region of reduced signal intensity at
T2-weighted MR imaging with corre-
sponding tumor present at pathologic ex-
amination was found in each patient (Ta-
ble 5). All eight clinically important tu-
mors and one tumor considered not
clinically important were detected at MR
imaging (Table 3), accounting for 21
true-positive sextants (Table 4). One sex-

tant was false-positive because the nod-
ule was observed in two sextants at MR
imaging, while corresponding clinically
unimportant tumor was found in only
one sextant at pathologic examination.
Three focal nonnodular regions of re-
duced signal intensity at T2-weighted MR
imaging were observed in three patients,
with no corresponding tumor present at
pathologic examination (Table 5).

Of 10 false-negative sextants, five were
missed because nodules at MR imaging
were observed in fewer sextants than
were corresponding clinically important
tumors at pathologic examination; in the
other five false-negative sextants, no fo-
cal reduction of signal intensity at T2-
weighted MR imaging was observed, but
clinically unimportant tumors were
found at pathologic examination.

MR Spectroscopy

By using MR spectroscopic criteria for
suspicious voxels, seven of eight clini-
cally important and three of seven clini-
cally unimportant tumors were detected,
accounting for 24 true-positive sextants
(Tables 3, 4). However, five benign sex-

tants were false-positive on the basis of
the same criteria. Of seven false-negative
sextants, three were missed because sus-
picious voxels were present in fewer sex-
tants than were corresponding clinically
important tumors at pathologic exami-
nation, while undetected tumors ac-
counted for an additional four false-neg-
ative sextants. Since the voxels corre-
sponding to missed tumors were either
unusable or had nondiagnostic levels of
metabolites, false-negative MR spectro-
scopic findings could not be addressed by
changing the criteria for suspicious vox-
els. However, the criteria were reexam-
ined to address the false-positive MR
spectroscopic findings.

Sixty-three Cit voxels were observed in
eight patients, whose prostates displayed
mild radiation-induced changes at patho-
logic examination. Forty-two voxels were
in benign gland, and 21 voxels were in
cancer (Fig 2a). Only patient 1, who had
severe atrophy at pathologic examination,
did not have Cit voxels. The median
(Cho � Cr)/Cit ratio in benign voxels was
0.29 (range, 0.04–7.10), while the median
(Cho � Cr)/Cit ratio in cancerous voxels

TABLE 3
Summary of Pathologic Findings

Patient
No.

Gleason
Score

Pathologic
Stage

No. of Clinically
Important
Tumors

No. of Tumors
Not Considered

Clinically Important
No. of Positive

Sextants Sextant Location of Tumors

1 NG pT2cN0 0 2 2 Right apex, left apex
2 4 � 3 pT3aN0 1 0 4 Left base, right base, right midgland,

right apex
3 4 � 4 pT3aN0 1 0 2 Right midgland, right apex
4 4 � 3 pT2cN0 1 1 3 Right midgland, right apex, left apex
5 4 � 3 pT2cN0 1 1 3 Right midgland, right apex, left apex
6 4 � 4 pT3aN1 1 0 2 Right midgland, right apex
7 4 � 4 pT3aN0 1 3 4 Right midgland, right apex, left

midgland, left apex
8 4 � 3 pT3aN0 1 0 5 Right base, right midgland, right apex,

left midgland, left apex
9 3 � 4 pT3bN0 1 0 6 All sextants

Note.—NG � nongradeable tumor, due to radiation treatment effects.

TABLE 4
Sextant Tumor Localization with MR Imaging, MR Spectroscopy, Sextant Biopsy, and Digital Rectal Examination

Modality
No. of

Patients*
No. of

Sextants

Sextant Findings

Sensitivity (%) Specificity (%)
True-

Positive
False-

Positive
True-

Negative
False-

Negative

MR imaging 9 54 21 1 22 10 68 (51, 85) 96 (88, 100)
MR spectroscopy 9 54 24 5 18 7 77 (63, 90) 78 (59, 96)
Sextant biopsy 8 48 13 1 18 16 45 (31, 60) 95 (77, 100)
Digital rectal examination 9 54 5 1 22 26 16 (3, 39) 96 (86, 100)

Note.—Numbers in parentheses are 95% confidence intervals.
* Patient 6 was excluded from sextant biopsy analysis, since the biopsy result was reported per lobe.
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was 0.70 (range, 0.40–3.70). Despite this
trend toward higher (Cho � Cr)/Cit ratios
in cancerous voxels, the difference was not
statistically significant (P � .135). Only
one of 21 (5%) cancerous voxels had a
(Cho � Cr)/Cit ratio below the cutoff cri-
terion of 0.5, but seven of 42 (17%) benign
voxels had a (Cho � Cr)/Cit ratio of at least
0.5 (range, 0.5–7.1). A receiver operating
characteristic analysis of the voxels shown
in Figure 2b indicates that the cutoff ratio
of 0.5 is reasonable, because with higher
cutoffs the sensitivity substantially de-
creases, and with lower cutoffs the specific-
ity decreases without substantially increas-
ing the sensitivity.

Of 61 Cho voxels in nine patients, 46
were located in cancerous tumor and 15
in benign gland (Fig 2c). The Cho SNR
was not significantly higher in the can-
cerous voxels (P � .406), with a median
Cho SNR in cancerous voxels of 6.1
(range, 3.0–13.6) and a median Cho SNR
in benign voxels of 5.1 (range, 3.6–12.1).
Although Cho voxels were approxi-
mately three times more frequent in can-
cer than in benign gland, it was not pos-
sible to discriminate between individual
cancerous and benign Cho voxels with
reasonable accuracy.

One hundred thirty-seven nondiag-
nostic voxels were observed in nine pa-
tients. One hundred five were in benign
gland, and 32 were in cancer.

DISCUSSION

The care of patients with increasing PSA
levels after external-beam radiation ther-
apy is difficult from both a diagnostic
and a therapeutic standpoint (2,3). Both
local and systemic disease are difficult to
confirm with available diagnostic meth-
ods (2,25). Diagnosis of local recurrence
with sextant biopsy is complex because
of the uncertainty imposed by sampling
error and lack of knowledge of the time
required for tumor to become nonviable
after radiation therapy (2,4,26). A false-
negative rate of 20% was reported at the
first biopsy in patients systematically fol-
lowed up with prostate biopsies after ex-
ternal-beam radiation therapy (4). The
interpretation of positive biopsy findings
is difficult if the residual tumor shows
marked radiation effect and uncertain vi-
ability. The only imaging modality with
reported diagnostic accuracy for local re-
currence after external-beam radiation
therapy is transrectal US (49% sensitivity,
57% specificity), which is not superior to
digital rectal examination (73% sensitiv-
ity, 66% specificity) in the prediction of a

positive biopsy result after radiation ther-
apy (27).

Moreover, the sensitivity and specific-
ity of sextant biopsy and transrectal US
have not been assessed quantitatively in
correlation with step-section pathologic
findings, as was done in our study. Radi-
cal prostatectomy specimens are the
standard of reference for diagnostic tests
and the only standard accepted for deter-
mination of pathologic tumor stage (28).
Salvage radical prostatectomy after exter-
nal-beam radiation therapy is not com-
monly performed, however, as the proce-
dure is technically challenging and has
higher rates of incontinence, erectile dys-
function, and bladder neck contracture
than does primary radical prostatectomy
(29,30). Thus, salvage radical prostatec-

tomy is usually reserved only for patients
in whom the presence of local recurrence

Figure 1. Local prostate cancer recurrence after external-beam radiation therapy, detected with
MR imaging and MR spectroscopy. This 63-year-old patient had increasing PSA levels 66 months
after completion of external-beam radiation therapy. (a) Transverse T2-weighted MR image
(4000/96, 14-mm field of view, 3.0-mm section thickness, no intersection gap, 256 � 192 matrix,
and four signals acquired) obtained in the prostate apex. A suspicious focal nodular region of
reduced signal intensity at T2-weighted MR imaging was observed on the right side (arrows).
(b) Same transverse T2-weighted MR image with overlaid MR spectroscopic grid; spectra are
shown below the image. Spectra were obtained with point-resolved spatially localized spectros-
copy, or PRESS, volume excitation with band-selective inversions with gradient dephasing, or
BASING, water and lipid suppression (1000/130, 16 � 8 � 8 chemical shift imaging, 100 � 50 �
50-mm field of view, 6.25-mm resolution, one signal acquired, and 17-minute imaging time).
Voxels suspicious for cancer are marked with a plus “�” sign. Of three suspicious voxels, two were
Cho voxels, while one was a Cit voxel with (Cho � Cr)/Cit ratio of more than 0.5 (Cho and Cit
peaks are indicated by black and gray arrows, respectively). Two voxels in benign gland on the left
had (Cho � Cr)/Cit ratio of less than 0.5. Two voxels were unusable because of lipid contami-
nation (artifact), while one voxel had no metabolites (nondiagnostic). (c) Pathologic slice corre-
sponding to the MR image. The tumor (Gleason score of 4 � 4) was located in the suspicious
region at MR imaging and MR spectroscopy.

TABLE 5
Findings of Feature MR Imaging
Analysis Correlated with Step-
Section Pathologic Findings

Parameter
Focal

Nodular
Focal

Nonnodular Diffuse

No. of events 9 3 9
Cancer 9 0 NA
No cancer 0 3 NA

Note.—Columns represent categories of re-
duced signal intensity at T2-weighted MR im-
aging. Data are number of events of reduced
T2-weighted signal intensity in each cate-
gory. NA � not applicable.
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and absence of distant recurrence can be
demonstrated conclusively (3,30–32).
For that reason, reported series on salvage
radical prostatectomy, including ours,
have each been based on a small number
of highly selected patients (29–32).

The step-section pathologic data pro-
vided us with the opportunity to explore
MR imaging and MR spectroscopic crite-
ria for cancer detection after external-
beam radiation therapy and to assess the
accuracy of MR imaging, MR spectros-

copy, sextant biopsy, and digital rectal
examination for tumor localization by
using the sextant as a unit of analysis.
When analyzed with our criteria, MR im-
aging and MR spectroscopy appear to be
more sensitive (68% and 77%, respec-
tively) than sextant biopsy and digital
rectal examination (48% and 16%, re-
spectively) in sextant tumor localization,
suggesting that imaging might be of
value in the diagnosis and management
of local recurrence. MR imaging and MR

spectroscopy could be used to guide bi-
opsy and/or plan treatment. For instance,
the knowledge of exact tumor location
could help with the decision to preserve
or resect the neurovascular bundles at
radical prostatectomy (33) or could allow
the use of disease-targeting therapies (eg,
cryosurgery or high-intensity focused US)
(34,35).

The feature analysis suggests that the
MR imaging criterion of nodular decrease
in signal intensity on T2-weighted im-
ages is acceptable for tumor localization.
A diffuse reduction in signal intensity on
T2-weighted images, described in previ-
ous MR imaging studies after radiation
therapy (6–8), was found in all patients
throughout the peripheral zone, indicat-
ing that this change is a consequence of
radiation and is unrelated to cancer. Dur-
ing external-beam radiation therapy, the
entire prostate is irradiated, leading to
diffuse atrophy and fibrosis of glandular
tissue (36) that could cause a diffuse re-
duction in secretion volume and T2-
weighted signal intensity. It has been hy-
pothesized that cancer can be detected
under such circumstances if it produces
an additional focal nodular reduction in
signal intensity (8). The results of our
study are consistent with this hypothesis,
since all focal nodular regions of reduced
signal intensity at T2-weighted MR imag-
ing corresponded to tumor pathologic
examination.

MR spectroscopic feature analysis
showed that benign gland could be identi-
fied falsely as cancer with the criteria used
in our study. This could be the reason for
the apparently lower specificity of MR
spectroscopy (78%) in comparison to MR
imaging, digital rectal examination, and
sextant biopsy, each of which had a speci-
ficity of more than 90%. Since previous MR
spectroscopic data in patients treated with
external-beam radiation therapy were not
available, the criteria for tumor were de-
rived on the basis of the studies conducted
in untreated and hormone-treated prostate
(9–12,14,15,18,19). In the untreated gland,
healthy peripheral-zone voxels typically
have diagnostic levels of Cit with (Cho �
Cr)/Cit ratios less than 0.5 (10), and no
Cho voxels are observed (14,15). In con-
trast, in cancer, the (Cho � Cr)/Cit ratio is
increased, and the overlap between the
(Cho � Cr)/Cit ratios of benign and can-
cerous Cit voxels is minimal (10). In addi-
tion, only Cho voxels are found in cancer
(14,15). In our study, although 17% of be-
nign voxels had (Cho � Cr)/Cit ratios of at
least 0.5 after external-beam radiation ther-
apy, receiver operating characteristic anal-
ysis indicated that a cutoff (Cho � Cr)/Cit

Figure 2. (a) The (Cho � Cr)/Cit) ratio in benign and cancerous Cit voxels. Only one of 21
cancerous Cit voxels had (Cho � Cr)/Cit ratio of less than 0.5. (b) Receiver operating character-
istic curve analysis of (Cho � Cr)/Cit ratio of the voxels shows that the cutoff ratio of 0.5 (arrow)
provides a reasonable separation between benign and cancerous Cit voxels in our data set. (c) Cho
SNR in benign and cancerous Cho voxels. The graph shows Cho SNR overlap between benign and
cancerous Cho voxels, precluding their discrimination based on this parameter.
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ratio equal to 0.5 is reasonable and does
not need to be increased. In addition, no
difference in Cho SNR was found between
benign and cancerous Cho voxels. How-
ever, Cho voxels and Cit voxels with
(Cho � Cr)/Cit ratio of at least 0.5 were
around three times more frequent in can-
cer than in benign gland after external-
beam radiation therapy. The current MR
spectroscopic criteria (used in our study)
may be used to search for local recurrence
after external-beam radiation therapy, but
the results should be interpreted with cau-
tion and correlated with findings of other
diagnostic tests.

Our study was not the first to report
metabolic alterations after external-beam
radiation therapy. When biopsy speci-
mens obtained after external-beam radi-
ation therapy were studied with high-res-
olution MR spectroscopy, Cit was unde-
tectable in almost all benign and
malignant biopsy specimens (37). The
exact biochemical mechanisms responsi-
ble for these “cancer-like” metabolic al-
terations in benign gland after radiation
or hormone treatment are unknown. A
recent study also showed Cit voxels with
increased (Cho � Cr)/Cit ratios and Cho
voxels in regions with pathologically
proved prostatitis in untreated patients
(18). Thus, a decrease in Cit and/or an
increase in Cho could be a common re-
sponse to various forms of stress in the
prostate (eg, cancer, inflammation, an-
drogen deprivation, and radiation). For
instance, it is hypothesized that malig-
nant transformation increases the de-
mand for energy in the prostate, which
in turn promotes conversion from Cit-
producing to Cit-oxidizing metabolism
(38,39). The increased demand for energy
could in part be imposed by cellular
growth, proliferation, damage, and
death, the processes that may increase
levels of metabolites, such as Cho, in-
volved in membrane synthesis and deg-
radation (5,40). However, increased en-
ergy metabolism and cellular turnover
are likely to be present in other stress
conditions, as well. The protective effects
of stress-induced alterations in energy
metabolism were demonstrated in some
tissues (41,42). Since eight of nine pa-
tients in the present study had viable and
metabolically active glands, it is evident
that the prostate can withstand and/or
recover from radiation injury.

Our study had a number of limitations.
The most important limitation was the
small sample size, and the results ob-
tained in our exploratory analysis need
to be validated prospectively. For in-
stance, the reported sensitivity and spec-

ificity of diagnostic tests were only the
initial estimates, and a rigorous compar-
ison of the different tests would have to
be demonstrated statistically in a larger
study to be confirmed. It is possible that a
larger study would uncover some weak-
nesses in apparently adequate MR imag-
ing criteria; conversely, it might produce
more refined MR spectroscopic criteria
that would be more specific for cancer.
Another limitation due to the small sam-
ple size was the inability to assess the
added value of combined MR imaging
and MR spectroscopic readings. On the
basis of our data, however, concordant
suspicious MR imaging and MR spectro-
scopic findings (the nodular region of re-
duced signal intensity at T2-weighted MR
imaging displaying abnormal metabo-
lism) strongly suggested cancer, and the
optimal interpretation strategy in the
presence of discordant MR imaging and
MR spectroscopic findings remains to be
defined.

Certain limitations were imposed by
the MR imaging and MR spectroscopic
technology used. MR imaging was per-
formed with standard sequences and
without a contrast agent. It is possible
that developing further MR imaging
methods (eg, use of dynamic contrast
material–enhanced or diffusion imaging)
would improve cancer detection and/or
localization (43–45). MR spectroscopy
has a low spectral resolution at 1.5 T that
could be improved at higher field
strengths. It has recently been reported
that at 4 T, it was possible to observe Cho
resonance in benign breast tissue that
was not visible at 1.5 T (46). The quanti-
fication of metabolite levels was relative
to noise or to other metabolites, since
absolute quantification (concentration
determination) has not yet been per-
fected for the MR spectroscopic method
used in our study. Metabolite SNR de-
pends on factors that could vary between
voxels in the same patient or between
patients (eg, the distance of the voxels
from the endorectal coil, the magnetic
field homogeneity, and the T1 relaxation
times). These factors could have intro-
duced additional variability in our data
and impeded the discrimination between
benign gland and cancer. The assessment
for cancer was performed by using only
three metabolites. Additional metabo-
lites (eg, polyamines), detected in the
prostate by using high-resolution one-
and two-dimensional spectroscopy ex
vivo and single-voxel J-resolved spectros-
copy in vivo, could eventually be used to
improve the diagnostic accuracy of MR
spectroscopy (37,47–49).

In summary, our data suggest that MR
imaging and MR spectroscopy may be
more sensitive than sextant biopsy and
digital rectal examination for sextant lo-
calization of cancer recurrence after ex-
ternal-beam radiation therapy. The MR
imaging criterion for tumor—focal nod-
ular region of reduced signal intensity at
T2-weighted MR imaging—was found to
be satisfactory in the feature analysis.
The MR spectroscopic criteria—Cit vox-
els with (Cho � Cr)/Cit ratios of 0.5 or
more and all Cho voxels—were sensitive
for tumor but led to false identification of
metabolically altered benign gland as tu-
mor. In our small sample, it was not pos-
sible to determine how MR spectroscopic
criteria could be improved. Our initial
results suggest that it might be beneficial
to incorporate MR imaging and MR spec-
troscopy in the evaluation of patients
with increasing PSA levels after external-
beam radiation therapy.
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