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ositron Emission Tomography
or Prostate, Bladder, and Renal Cancer
eiko Schöder, MD, and Steven M. Larson, MD

Prostate cancer, renal cancer, bladder, and other urothelial malignancies make up the common
tumors of the male genitourinary tract. For prostate cancer, common clinical scenarios include
managing the patient presenting with 1) low-risk primary cancer; 2) high-risk primary cancer; 3)
prostate-specific antigen (PSA) recurrence after apparently successful primary therapy; 4)
progressive metastatic disease in the noncastrate state; and 5) progressive metastatic disease
in the castrate state. These clinical states dictate the appropriate choice of diagnostic imaging
modalities. The role of positron emission tomography (PET) is still evolving but is likely to be
most important in determining early spread of disease in patients with aggressive tumors and
for monitoring response to therapy in more advanced patients. Available PET tracers for
assessment of prostate cancer include FDG, 11C or 18F choline and acetate, 11C methionine, 18F
fluoride, and fluorodihydrotestosterone. Proper staging of prostate cancer is particularly im-
portant in high-risk primary disease before embarking on radical prostatectomy or radiation
therapy. PET with 11C choline or acetate, but not with FDG, appears promising for the
assessment of nodal metastases. PSA relapse frequently is the first sign of recurrent or
metastatic disease after radical prostatectomy or radiation therapy. PET with FDG can identify
local recurrence and distant metastases, and the probability for a positive test increases with
PSA. However, essentially all studies have shown that the sensitivity for recurrent disease
detection is higher with either acetate or choline as compared with FDG. Although more data
need to be gathered, it is likely that these two agents will become the PET tracers of choice for
staging prostate cancer once metastatic disease is strongly suspected or documented. 18F
fluoride may provide a more sensitive bone scan and will probably be most valuable when PSA
is greater than 20 ng/mL in patients with high suspicion or documented osseous metastases.
Several studies suggest that FDG uptake in metastatic prostate cancer lesions reflects the
biologic activity of the disease. Accordingly, FDG can be used to monitor the response to
chemotherapy and hormonal therapy. Androgen receptor imaging agents like fluorodihydrotes-
tosterone are being explored to predict the biology of treatment response for progressive tumor
in late stage disease in castrated patients. The assessment of renal masses and primary staging
of renal cell carcinoma are the domain of helical CT. PET with FDG may be helpful in the
evaluation of “equivocal findings” on conventional studies, including bone scan, and also in the
differentiation between recurrence and posttreatment changes. The value of other PET tracers
in renal cell carcinoma is under investigation. Few studies have addressed the role of PET in
bladder cancer. Because of its renal excretion, FDG is not a useful tracer for the detection of
primary bladder tumors. The few studies that investigated its role in the detection of lymph node
metastases at the time of primary staging were largely disappointing. Bladder cancer imaging
with 11C choline, 11C methionine, or 11C- acetate deserves further study.
Semin Nucl Med 34:274-292 © 2004 Elsevier Inc. All rights reserved.
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rostate cancer is the most common malignancy among men in
the United States, accounting for approximately one third of all

ancer diagnoses. Approximately 230,000 new cases of prostate
ancer will be diagnosed in 2004.1 Nowadays prostate cancer is
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ost commonly diagnosed by prostate-specific antigen (PSA)
creening. The tumor has a variable biology, ranging from low-
rade indolent cancers to aggressive tumors that inexorably spread
nd kill the patient principally by metastatic involvement of bone
arrow and bone.
Prostate cancers vary widely in their rate of growth, aggressive-

ess, and tendency to metastasize. The biology of this disease
volves from a small, slow-growing, androgen-dependent “indo-
ent” carcinoma toward a more and more aggressive, androgen-

ndependent tumor during the course of progression.2,3 Recently,
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cher and coworkers have described this concept of “clinical states”
hat helps stratify patients for management.4 The states model notes
ndividual patient status as primary tumor, PSA relapse, noncastrate

etastases, and castrate metastases. It seems to us that this clinical-
tates model also could provide a framework for recommendations
or appropriate diagnostic imaging in a given clinical scenario. For
xample, positron emission tomography (PET) imaging is unlikely
o be useful in indolent primary tumors, but PET may be useful in
ore aggressive primary tumors with a high risk of local extension

nd metastatic involvement.
In the United States, three important practice patterns dominate

iagnosis and management of prostate cancer: 1) the widespread
se of serum assays for PSA during routine health surveillance,

ollowed by ultrasound directed biopsies of the prostate, has led to
arly diagnosis of prostate cancer. Therefore, more than 70% of
rostate cancers are now diagnosed when the tumor is organ con-
ned, and radical prostatectomy, brachytherapy, or external beam
adiation are used with curative intent. 2) In individual patients,
omograms are used as an aid to management decisions by predict-

ng the likely pathological stage of the disease and the probability of
ecurrence and metastases after treatment with curative intent.
hese nomograms combine information from PSA, Gleason score at
iopsy, and clinical stage at presentation. 3) Prostate cancer, either
rimary or metastatic, almost always is responsive to androgen
ithdrawal (medical or surgical castration). For this reason, patients
ith more aggressive tumors are likely to receive treatment with

ntiandrogens early in the course of their disease. Such therapy is
ikely to have an important impact on functional imaging tests such
s PET.

rimary Prostate Cancer
s for other malignancies, the primary staging is important in pa-

ients with prostate cancer, especially in the more aggressive local
umors. The extent of prostate cancer should be determined as
ccurately as possible to direct therapy rationally based on the clin-
cal stage and to evaluate the prognosis. Both the clinical stage of the
isease and the probability for nonlocalized disease (extracapsular
xtension, seminal vesicle invasion, nodal disease) will determine
he choice of therapy.

Greater than 75% of patients with newly diagnosed prostate can-
er now present with clinically localized disease. Hence, the diag-
ostic yield of imaging studies in an unselected group of prostate
ancer patients would be very low. Instead, functional imaging
tudies particularly are likely be most meaningful in the more ag-
ressive primary lesions. Therefore, rather than uniformly applying
certain test in all patients, specific imaging studies should be based
n the clinical state of the patient. This decision could be based on
ommonly used tables or nomograms for presurgical risk stratifica-
ion.5-7 Nomograms usually combine PSA, Gleason score,8 and clin-
cal stage to predict the pathologic stage of the disease5 or incorpo-
ate data from surgical pathology to predict the probability for PSA
elapse and survival.9 The nomograms are considerably more accu-
ate than any of the clinical parameters in isolation. For instance,
sing the clinical examination alone, the true stage of prostate can-
er will be underestimated in as many as 30% to 60% of patients.10

y definition, however, nomograms only indicate a certain likeli-
ood for organ-confined disease, but they do not provide exact
taging information in the individual patient.5,9,11 Therefore, it
ould be desirable to have an accurate, noninvasive staging tool,
hich then should be applied in selected groups of patients (eg,

igh risk for nonorgan-confined disease based on nomogram). g
ole of Conventional
maging Studies for Primary Staging
ransrectal ultrasound (TRUS) is the most commonly used imaging
odality for viewing the prostate. However, only 60% of tumors are

isualized by TRUS, and the method often is used simply to localize
he prostate, as a guide to biopsy. Nonetheless, it is said that in the
ands of experts, TRUS detects extracapsular extension with accu-
acy between 58% and 86%. However, a recent multicenter trial
RUS casts doubt on this statement because TRUS was no more
ccurate at predicting organ-confined disease than was the digital
ectal examination.12,13

Computed tomography (CT) lacks soft-tissue contrast resolution
or the detection of cancer within the prostate. Its role in the local
taging of prostate cancer also is limited because of its low accuracy
24% for extracapsular extension and 69% for seminal vesicle inva-
ion).14

In experienced hands, the most accurate imaging test for primary
taging is magnetic resonance imaging (MRI) using an endorectal
oil in conjunction with a pelvic phased-array coil.15 Although not
erfect, this test can identify and localize the primary tumor and
ssess for potential extracapsular extension (sensitivity 50%; speci-
city 95%16; and seminal vesicle invasion. In addition, MRI can
etect or exclude perineural invasion of tumor with high accuracy,16

hich is an important criterion when nerve-sparing surgery is con-
idered. Overall sensitivity and specificity for the local staging of
rostate cancer range between 51% and 89% and 67% and 87%
espectively, with accuracy between 54% and 88%.17,18

Prostate cancer is associated with characteristic alterations in the
oncentration of certain metabolites, such as an increase in prostate
holine and a decrease in prostate citrate levels, as compared with
ormal prostate tissue. These metabolic alterations can be detected
y magnetic resonance spectroscopy (MRS).19 The addition of spec-
roscopy to MRI alone may aid in the detection of prostatic cancer
issue and may increase the specificity of MRI. The addition of MRS
o MRI improved staging accuracy significantly when used by an
nexperienced reader compared with that by an experienced reader,
nd the latter was able to further improve the accuracy.20 However,
RS is sensitive to technical artifacts and currently still considered

nvestigational; it is not yet in widespread use. It also needs to be
mphasized that these data from MRI and MRS were generated by a
ew experienced institutions; it remains to be seen whether the
eported high sensitivity and specificity can be reproduced once the
echnique enjoys widespread use.

ole of PET for Primary Staging

vailable PET Tracers for the Imaging of Prostate
ancer and the Biochemical Rationale for Their Use

DG. PET imaging with [18F] 2-fluoro-D-deoxy-glucose (FDG)
akes advantage of the increase in glycolytic flux in cancer cells
Table 1). In rapidly growing, de-differentiated tumors, aerobic gly-
olysis is increased and respiration decreased.21 Even under aerobic
onditions, as much as 50% of the ATP produced in tumor cells is
erived from glycolysis (in contrast to approximately 10% in nor-
al cells, which mostly rely on oxidative phosphorylation as a

ource for energy). Increased glycolysis is associated with quantita-
ive and qualitative changes in enzyme expression and activities,
lucose transporter molecules, as well as cytoskeletal arrangements.
ome of these processes have been studied in prostate cancer. In
itro (cell cultures), rapidly dividing DU145 prostate cancer cells
epend on high levels of glucose consumption, whereas relatively
low-growing LNCaP cells were found to be less dependent on

lucose.22 Glucose can be used for the synthesis of ATP and as a



p
t
(
A
a
p
d
m
s
a
v

d
f
u
m
u
t
t

i
c
p
t
t
c

a
l
t
h

A
t
c
s

s
e
s

i
1

s
a
i

Y
b
o
w
b
c
o
p
a
w
r
a
c
i
m
l

l
p
I
I
t
T
m

T

N

P
U
S

P
T
T
I

E

E
*
†

‡

§

�

¶

276 H. Schöder and S.M. Larson
recursor for DNA synthesis. Glucose also serves as a substrate for
he synthesis of diacylglycerol, which is a ligand for protein kinase C
the latter plays an important role in cellular signal transduction.23

lthough no clear relationship between these biochemical alteration
nd FDG uptake in prostate cancer has been demonstrated, they do
rovide the rationale for the hypothesis that FDG may selectively
etect more aggressive tumors, which depend on higher glucose
etabolism. Indeed, in vitro studies in prostate cancer xenografts

howed higher FDG uptake in tumors with higher Gleason score,24

nd in clinical studies FDG uptake correlates with PSA level and PSA
elocity as measures of tumor size and progression.25-27

The initial results of prostate cancer imaging with FDG were
isappointing.28,29 These negative results were likely related to four
actors: 1) limited sensitivity of FDG for prostate cancer lesions; 2)
rinary excretion of FDG with tracer activity in ureters and bladder,
aking it difficult to distinguish lymph nodes or local recurrence; 3)

se of older image reconstruction techniques, leading to streak ar-
ifacts in the pelvis30; and 4) the lack of appropriate patient selec-
ion.

However, despite its poor reputation from earlier reports, FDG is
n fact not an unsuitable tracer for the investigation of prostate
arcinoma but needs to be used in carefully selected groups of
atients.27,31-34 It is our belief that the use of adequate imaging
echniques (iterative reconstruction, segmented attenuation correc-
ion)35 and especially the application of combined PET-CT imaging
an reduce the number of false-negative and false-positive findings.

However, urinary excretion of FDG remains undesirable for ex-
mining pelvic malignancies. Other PET tracers, in particular cho-
ine and acetate, have therefore been studied in patients with pros-
ate cancer. According to unanimous initial reports these agents
old great promise.

cetate. Shreve and coworkers introduced 11C-acetate as a poten-
ial PET tracer for various malignancies, including prostate can-
er.36,37 In a small group of 18 patients, acetate showed a higher

able 1 Characteristics and Suggested Applications of PET T
18F FDG 11C Methionine

ormal biodistribution Myocardium,
bowel, liver,
spleen, kidney

Pancreas, liver,
spleen, kidney,
salivary glands

rimary mode of excretion Renal Urinary
rinary activity? ��� ��

uitable for
Detection of primary PCA � �

Primary staging (LN, mets) � ?
PSA relapse

Local recurrence (�)§ ?
Distant metastases � ��

rognostic value? � ?
herapy monitoring? �� ?
ypical activity in mCi (MBq) 370–555 370–555
maging start at min p.i. 45–60 5–10

DE in mSv/MBq 2 � 10�2 5 � 10�3‡

DE, effective dose equivalent.
Beginning at 5 min p.i.
Kato et al.53

Deloar et al.179

When using a combined PET/CT.
DeGrado et al.72

Seltzer et al.180
ensitivity than FDG for the detection of local recurrence or meta- a
tatic disease. These investigators suggested that the lack of urinary
xcretion and good tumor:background ratio make acetate a more
uitable tracer for imaging of prostate cancer.

During the past few years this tracer also has been used for the
maging of prostate cancer.26,38,39 Acetate be can also be labeled with
8F fluorine, although methods for safe and efficient synthesis are
till under investigation. Preliminary data from animal experiments
nd one case report suggest that this agent might be useful for
maging of prostate cancer.40,41

Acetate uptake in tumor cells is related to lipid synthesis.42,43

oshimoto and coworkers42 incubated tumor cell lines and fibro-
lasts with 14C acetate and analyzed the production of 14CO2 and
ther 14C-labeled metabolites. In addition, glucose metabolic rate
as assessed with 3H deoxyglucose (DOG) and the cell growth rate
y 3H thymidine incorporation into DNA. Tumor cell to nontumor
ell ratios were higher for acetate than DOG. 14C acetate was metab-
lized and incorporated into the cellular lipid pool, mostly phos-
hatidylcholine (which is a building block for cellular membranes)
nd neutral lipids. Of note, the amount of 14C in lipids correlated
ith cellular growth activity as measured by 3H thymidine incorpo-

ation. The remaining fraction of 14C acetate was converted into CO2

nd amino acids. Although there were differences between tumor
ell lines, in each case at least 70% of the activity was always found
n intracellular lipids or amino acids. This is in contrast to the

yocardium, where acetate is mainly used for oxidative metabo-
ism.44-46

Additional studies in prostate cancer provided the pathophysio-
ogic rationale for the incorporation of acetate into lipids: Normal
rostate tissue shows high citrate production and accumulation.47,48

n prostate cancer, however, citrate content is significantly reduced.
n addition, some citrate also is transported from the mitochondrion
o cytosol, where it is converted to oxaloacetate and acetyl-CoA.47

he latter is the building block for fatty acids, which are used for
embrane synthesis and metabolism. Other studies demonstrated

for Imaging of Prostate Cancer
11C Choline 18F Choline 11C Acetate 18F FDHT

g, liver, kidney,
drenal

Renal cortex,
liver,
spleen,
salivary
glands

Lung, spleen,
pancreas,
liver, kidney
(mild in BM
and bowel)

Liver, blood
pool, small
intestine
(excr.)

estinal Urinary Intestinal Intestinal
� ��* Minimal† �

� � � �

� ? � �

��� �� ��� �

��� ��� ��� �

? ? ? Likely
? ? ? �

370–925 185–260 555–925 370–555
5 3 5–10 Dynamic:

immed. static:
60 min

5 � 10�3 3.5 � 10�2� 6.2 � 10�3¶ No data
racers

Lun
a

Int
n increase in fatty acid synthesis and accumulation, as well as
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verexpression of the key enzyme fatty acid synthase (FAS) in pros-
ate cancer.49 This overexpression of FAS occurs early in cancer
evelopment and in hormone-responsive tumors (such as prostate
ancer) is more pronounced as the tumor progresses toward the
ore advanced stage.50 Recent studies have also shown that (14C)

cetate is predominantly incorporated into intracellular phosphati-
ylcholine, that acetate uptake is an indirect measure of the FAS
athway,43 and that FAS-mediated lipid synthesis mainly affects

ipids in membrane rafts43 (membrane rafts are associated with sig-
al transduction processes)51,52 that are relevant for tumor growth
nd metastasis.

Acetate is not a cancer-specific tracer but also accumulates in
ormal and hyperplastic prostate tissue. In fact, the standardized
ptake value (SUV) for 11C-acetate uptake was found to be higher in

ndividuals with normal prostate tissue younger than 50 years of age
han in normal prostate of older subjects (�50 years) or those with
enign prostatic hypertrophy (BPH).53 In addition, there was no
ifference in prostate SUV between older subjects with normal pros-
ate (2.3 � 0.7) and patients with proven prostate cancer (1.9 �
.6). The relationship between intensity of acetate uptake in pros-
ate cancer and PSA and is unclear.26,39 Although many prostate
ancer patients have been studied with 11C-acetate, full papers pub-
ished to date include only about 150 patients.

holine. In the human body, choline is needed for the synthesis of
hospholipids in cell membranes, methyl metabolism, transmem-
rane signaling, and lipid–cholesterol transport and metabolism.54

ntracellular choline is rapidly metabolized to phosphorylcholine
PC); it may also undergo acetylation to form acetylcholine or oxi-
ation to form betaine (mainly in liver and kidney). The phosphor-
lation is catalyzed by the enzyme choline kinase. Once phosphor-
lated, the polar PC molecule is trapped within the cell. Various
tudies have revealed an increased choline uptake as well as an
pregulated activity of choline kinase and elevated levels of PC in
ancer cells.55-57 These observations gave rise to the development
nd clinical evaluation of MRS imaging, which revealed a high con-
ent of PC in prostate cancer,19 whereas in normal tissue this choline
etabolite was found in low concentrations or was undetectable.
Based on these observations, Hara and coworkers introduced

1C-choline for the imaging of malignancies58-61 including prostate
arcinoma. The efficacy of radiolabeled choline (labeled to 11C or
8F) for localizing primary or metastatic prostate cancer has now
een studied in more than 250 patients.62-67

11C-choline blood clearance is very rapid (approximately 7 min), and
he major amount of tracer remains trapped within cells. This allows for
maging as early as 3 to 5 min after tracer injection and provides images
f good diagnostic quality.58,59 Physiologically increased tracer uptake
s noted in salivary glands, lung, liver, kidneys, and adrenal glands.68

he short half life time for 11C (20 min) poses a logistic challenge in
any institutions. This has been addressed with the recent successful

ynthesis of 18F-labeled choline compounds. Hara and coworkers69

ynthesized F-18 fluoro-ethyl-choline (FEC) and DeGrado and co-
orkers synthesized fluoromethyl-dimethyl-2-hydroxyethylammo-
ium (FCH).70-72 In vitro (cultured PC-3 human prostate cells) studies
evealed that cellular uptake and phosphorylation by choline kinase
ere very similar for FCH and natural choline but were lower for
EC.71 Both compounds show rapid clearance from the blood pool,
ppearing in the urinary bladder 3 to 5 min after injection. This is in
ontrast to 11C choline, which shows very little urinary excretion, the
ctivity concentration in the bladder was always lower than in prostate
ancer or metastases.73 It has been suggested that early urinary appear-

nce of F-18 choline compounds is caused by incomplete tubular re- e
bsorption of intact tracer or by enhanced excretion of oxidized metab-
lites.70

All three labeled choline compounds show rapid clearance from
lood pool and rapid uptake in prostate tissue.69,70,73 FEC concen-
ration in the prostate reaches its highest activity at 55 min p.i. (SUV
.4 versus 2.8 at 5 min),69 whereas FCH uptake shows a peak at
pproximately 3 min p.i. followed by a plateau.70 It is unclear
hether this difference would be clinically relevant because beyond
to 8 min p.i., the increasing accumulation of excreted tracer in the
rinary bladder exceeds activity in the prostate and may interfere
ith visualization of abnormalities in the prostate (similar to FDG).
lthough urinary activity can be eliminated by bladder irrigation,

his is neither desirable nor always feasible. Therefore, imaging of
he prostate with 18F-labeled choline compounds should probably
ommence at about 1 min after IV injection (to allow for tracer
learance from the blood pool). Subsequently, as urinary activity
ncreases (which would interfere with visualizing prostate tumors)
ut blood pool activity is low, images of the remainder of the body
an be acquired.

Just like FDG, methionine, or acetate, choline is not a cancer-
pecific agent. Individuals with BPH show tracer uptake that is
igher than in normal prostate tissue and lower than in carcinoma.
owever, in individual patients the intensity of uptake in the pros-

ate cannot reliably distinguish between benign changes and can-
er.73 Nonspecific uptake of (18F) choline in granulocytes and mac-
ophages74 and (11C) choline in reactive lymph nodes66 have also
een described.
Intense bowel activity can be observed with all choline com-

ounds and can be a reason for false-positive findings.64,66 Imaging
f the abdomen and pelvis may benefit from fasting, as pancreatic
uice and bile both contain PCs (and hence excreted activity). False-
egative findings have been described for metastases in lymph
odes of less than 1 cm in size.64,66

Currently, it is unclear whether choline uptake in prostate cancer
esions can serve as an indicator of biologic aggressiveness. In at least
ne study,73 there was no correlation between SUV of (11C) choline
n prostate cancer and tumor grade or Gleason score.

ethionine. 11C-methionine has been used as a tumor imaging
gent for several years.75-78 Its uptake reflects increased amino acid
ransport and, in part, protein synthesis; it also is related to cellular
roliferation activity.79,80 In cancer, methionine uptake also is cor-
elated with the amount of viable tumor tissue.81 Nilsson was the
rst to use this tracer in prostate cancer, reporting promising results

n metastatic tumor.82 Macapinlac and coworkers83 compared the
iodistribution of 11C methionine and FDG in 29 patients with
ndrogen-independent metastatic prostate cancer. Both agents
howed good uptake in index lesions. Tumor uptake of methionine
ccurred faster (peak at around 10 min followed by plateau) than
hat for FDG (sometimes continued rise �45 min). 11C-methionine
ndergoes rapid clearance from the blood pool, which is faster than
or FDG. Methionine is primarily metabolized in liver and pancreas,
ut shows no significant renal excretion. This biodistribution may
xplain why methionine appears to be more successful than FDG in
maging prostate cancer and nodal metastases.34

8F Fluorodihydrotestosterone (FDHT). The androgen receptor
lays an important role in the proliferation and growth of prostate
ancer. Virtually all patients with prostate cancer initially respond to
ndrogen withdrawal, but eventually, the cancer cell will begin to
row, despite continued low levels of androgen. There is growing

vidence that the escape from suppression offered by androgen
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278 H. Schöder and S.M. Larson
blation therapy is related to continued signaling through the an-
rogen receptor.2,84

Imaging of the androgen receptor expression and its modulation
r occupation by drugs might hence prove useful in treatment mon-
toring. For this purpose, the group at Washington University, St.
ouis, developed the radiotracer 16�-18F-fluoro-5�-dihydrotestos-
erone (FDHT), which is radiolabeled analog of dihydrotestoster-
ne, the primary ligand of the androgen receptor.85 Recently, Larson
nd coworkers32 studied the biodistribution and binding character-
stics of FDHT in seven patients with metastatic prostate cancer.
atients were imaged before and after therapy. Seventy-eight per-
ent of 59 lesions had both FDHT and FDG uptake, and the remain-
er had FDG but not FDHT uptake. Further work is underway to
valuate this metabolic heterogeneity. Many patients with prostate
ancer eventually develop resistance to androgen ablation. It is
hought that this development of androgen independence charac-
erizes a more aggressive prostate cancer phenotype. Accordingly,
ne might speculate that prostate cancer lesions that show FDHT
ptake indicate presence of differentiated tumor cells likely to re-
pond to androgen withdrawal. In contrast, lesions with persistent
DG uptake but lack of FDHT uptake might represent a more ag-
ressive, androgen-independent tumor cell clone. This pattern of
ifferential tracer uptake is in analogy to thyroid and breast cancer
inverse relationship between FDG and Iodide uptake or FDG up-
ake and estrogen receptor binding). Studies are ongoing to further
lucidate the clinical usefulness of FDHT in certain subgroups of
rostate cancer patients.

linical Results for Diagnosis and Local Staging With PET. Early
tudies investigating the role of PET with FDG in primary prostate
ancer produced disappointing results.28,29 In contrast to other ma-
ignancies, most primary prostate carcinomas show relatively low
DG uptake. Small size, slow doubling time (2-4 years in most
ases) and specifics of prostate metabolism (see above) might be
ontributing factors. Although recent work described the expres-
ion mRNA and protein for the of glucose transporters GluT-1 and
n particular GluT-12 in prostate cancer,86 it is uncertain whether
xpression levels and activity are in any way related to tumor me-
abolism or aggressiveness. There also is conflicting data concerning
he relationship between FDG uptake in prostate cancer and clinical
arkers of tumor aggressiveness. At least one study suggested an

ncreased probability for a positive FDG-PET scan in patients with
dvanced clinical stage and higher PSA (but not Gleason score)26; no
uch relationship was found in another study (whereas tracer up-
ake in the primary tumor did not correlate with Gleason grade or
evels of PSA in other reports.87

Efforts have been made to reduce urinary bladder activity from
enally excreted FDG, which might cause streak artifacts and inter-
ere with the detection of abnormal FDG uptake in the adjacent
rostate gland.29,87 These efforts included forced diuresis and con-
tant bladder irrigation via an indwelling Foley catheter. These pro-
edures, which are time-consuming and do not seem practical in a
usy outpatient PET center, have generally not improved the re-
ults. For instance, Effert and coworkers29 used FDG-PET in 48
atients with various stages of prostate cancer and 16 patients with
PH. Despite continuous bladder irrigation during image acquisi-
ion, the authors did not find any difference in intensity or patterns
f tracer uptake between cancer and benign prostate hypertrophy.
iu and coworkers87 used oral hydration and intravenous Lasix for
orced diuresis and reported similar results. They included 24 pa-
ients with organ-confined newly diagnosed prostate cancer and a
ean PSA level of 13 ng/mL (range, 3.7–28.1). All but one patient
ad a Gleason score of 6 or greater. Histopathology from biopsies or o
rostatectomy specimens served as standard of reference. Using an
rbitrary tumor/back ground ratio �2.5, the authors could only
dentify one carcinoma, yielding a sensitivity of 4%.

Oyama and coworkers26 compared the diagnostic yield of 11C-
cetate and FDG-PET in a mixed group of 22 patients with primary
rostate carcinoma. Five patients subsequently underwent prosta-
ectomy whereas 17 were treated with androgen withdrawal ther-
py. The sensitivity for localizing the primary tumor was 100% for
cetate and 83% for FDG. (This high sensitivity for FDG may have
een due to the inclusion of many patients with higher stages of the
isease.) The intensity of 11C-acetate uptake in the primary tumor
as generally higher than that of FDG uptake, with SUVs ranging

rom 3.3 to 9.9 as compared with 1.9 to 6.3 for FDG. These results
re encouraging, but the study had some methodological shortcom-
ngs. Patients with BPH were not included for comparison and his-
ologic proof was only provided for the primary tumor but not sites
f suspected metastases. Indeed, several studies have now shown
hat neither FDG nor acetate or choline reliably distinguish between
rostate cancer and benign changes, such as BPH or prostati-
is.28,29,53,65,87 De Jong and coworkers65 compared uptake patterns
f 11C-choline in 25 patients with biopsy proven carcinoma and 5
ith BPH. Although all primary tumors were detected and noncan-

erous prostate tissue, on average, showed lower tumor uptake than
id cancer, there was considerable overlap in SUV (SUVbenign: mean
2.3, range 1.3–3.2; SUVcancer: mean � 5.0, range: 2.4–9.5). Using

1C-acetate, Kato and coworkers53 found no difference in prostate
UV between older subjects with normal prostate (2.3 � 0.7) and
atients with proven prostate cancer (1.9 � 0.6).

ncidentalomas. Occasionally, focal intense tracer uptake can be
oted in the prostate gland. This can be noted for FDG and has also
een described for 11C-choline. With the use of combined PET-CT,

t is now possible to localize the foci accurately and distinguish them
rom focal excreted tracer in the prostatic urethra (Fig. 1). Just as for
hyroid “incidentalomas,” such findings always require further in-
estigation; we recommend at least a digital rectal examination and
SA measurement.

etastatic Disease
oth nodal and osseous metastases are relatively rare in the current
atient population with newly diagnosed prostate carcinoma. For

nstance, before the widespread use of serum PSA for prostate can-
er screening, the number of patients with pelvic lymph node me-
astases at the time of radical prostatectomy for clinically localized
arcinoma was greater than 20%.88 In more recent series, because
ost prostate cancers are detected early, this has decreased to 2 to

0%.89,90 The prevalence of pelvic lymph node metastases correlates
irectly with T stage, serum PSA levels, and histologic grade.5 Con-
equently, a high suspicion of lymph node metastases is based on
he finding of 1) prebiopsy serum PSA level greater than 20 ng/mL,
) poorly differentiated tumor on needle biopsy of the prostate
Gleason score 8-10), or 3) palpable locally advanced tumor.91 In
hese patients, the probability for nodal metastases is 30% or
reater.91,92 Detection and localization of metastases is an important
linical issue in this group of patients, which may affect patient
anagement. Once enlarged lymph nodes are detected, CT-guided

iopsy can be performed before embarking on prostatectomy or
adiation therapy. Treatment with curative intent may not be justi-
ed once the cancer has spread to lymph nodes and distant sites.
nfortunately, the statistical nature of nomograms does not provide
ccurate information in the individual patient.

In addition, whether lymph node metastases are found depends

n the extent of the lymphadenectomy.93,94 Further, it has been
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hown that a number of patients with clinically localized disease
arbor “subclinical” or micrometastases in pelvic lymph nodes95

hich can only be detected by serial HE staining of nodes or even
ith IHC or PCR of pelvic lymph node specimens. Finally, in some

nstitutions patients with limited nodal disease, which is diagnosed
efore surgery, may still undergo prostatectomy and pelvic lymph-
denectomy, followed by aggressive antiandrogen therapy. In some
eports, long-term recurrence free survival was similar to that in
atients without overt nodal metastases.96,97 Nevertheless, although
pecific treatment approaches may vary between institutions, it is
mportant to identify metastatic disease before embarking on sur-
ery or irradiation.

The presence of lymph node metastases is an important factor in
etermining the likelihood for tumor recurrence after radical pros-
atectomy.98 In addition, the volume of nodal metastatic disease is
n important determinant for the progression to distant metasta-
es99 as well as for death from prostate carcinoma.96 However, while
t was originally assumed that most patients with N � disease had a
oor prognosis, several more recent studies have shown remarkable
urvival rates in selected surgical patients with pelvic lymph node
etastases, in particular those with low volume disease or “micro-

copic” (�2 mm) nodal metastases.96,100,101

ole of Conventional Imaging
ll anatomic imaging modalities rely on size criteria, which are
either sensitive nor specific and subject to debate. The “optimal
ut-off” for lymph node size may depend on the exact location in the

Figure 1 Incidental focal FDG uptake in the prostate glan
for staging of his disease. Coronal and transaxial PET
(arrow), which on PET-CT fusion image localizes to the p
online.)
elvis (eg, diameter �7-10 mm in largest diameter). Using a short b
xis diameter of 1 cm as the cut-off, studies have shown sensitivities
etween 27% and 75% with specificities between 66% and
00%.102,103 By decreasing the size threshold to 7 mm and by sam-
ling suspicious lymph nodes by fine-needle aspiration, Oyen and
oworkers102 reported a sensitivity of 78% and specificity of 100%.
owever, this approach is not widely used. New-generation CT and
RI scanners can visualize the pelvic and abdominal lymph nodes
ith better resolution, but it remains to be demonstrated whether

his translates into a better diagnostic accuracy. As a major limita-
ion, lymph node size does not correlate well with the presence of
rostate cancer metastases.104 Even in patients with PSA levels
reater than 25 ng/mL, in whom the percentage of pathologic lymph
odes is substantial, the sensitivity of CT is only 30% to 35%.105 A
imilarly low sensitivity for nodal metastases (35%) was found in a
ummary of seven studies using body MRI for the staging of prostate
ancer.103 It is conceivable that the use of new superparamagnetic
ron oxide particles might increase the detection accuracy in the
uture.106 Unfortunately, there is a logistic challenge in that the
ontrast agent has to be injected 24 h before imaging. At the same
ime, there is now also growing interest to investigate the potential
ole of sentinel lymph node mapping in patients with prostate can-
er.107,108 In experienced hands the technical success rate (SLN vi-
ualization or detection by gamma probe) approached 95%, and the
alse-negative rate was �1%.108

Bone metastases also are rare in the current patient population.
or this reason, the routine use of bone scan for primary staging has

n 80-year-old patient with T-cell lymphoma using PET
show focal FDG uptake beneath the urinary bladder

. PSA was 87 ng/mL. (Color version of figure is available
d of a
images
rostate
een discouraged. In a large retrospective analyses, the yield for
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280 H. Schöder and S.M. Larson
sseous metastases was less than 1% in patients with PSA of �20
g/mL: among 306 men only 1 (PSA 18.2 ng/mL.) had a positive
one scan, yielding a negative predictive value 99.7%.109 Others
ave suggested that bone scans should not be ordered if the PSA is
10ng/mL.110

ole of PET
t is generally accepted that FDG-PET has too low a sensitivity to be
seful for the diagnosis of lymph node metastases during primary
taging of prostate cancer.30,111 In an initial study of 34 patients with
ntreated prostate cancer and known or suspected metastases,
hreve and coworkers30 compared FDG with CT bone scan and
linical follow-up. The evaluation of pelvic lymph nodes was se-
erely limited by bladder activity and streak artifacts. And although
he quality of FDG-PET images of the pelvis has improved signifi-
antly with the use of iterative reconstruction algorithms, it is un-
ikely that this test could reliably diagnose nodal metastases in the
rimary staging. As stated above, many primary prostate cancers
how relatively low FDG uptake, and the same is likely also true for
odal metastases.
Similarly, FDG also has a limited sensitivity for the detection of

sseous metastases. Shreve and coworkers30,112 reported a sensitiv-
ty of 65% in 22 patients with 202 bone lesions (SUV 2.1–5.7). An
ven lower detection rate was reported by Yeh and coworkers112:
nly 16% of lesions noted on bone scan were visualized by FDG-
ET. However, more recent evidence suggests that FDG is an accu-
ate means in assessing the biologic activity of bone metastases (see
he section “Response to Therapy and Prognostic Value”).

11C-acetate PET detected lymph node and bone metastases with
00% and 86% sensitivity, respectively.26 However, both the num-
er of patients studied and number of lesions were very small, so
hat further investigation is clearly needed.

The utility of 11C-choline PET for nodal staging of prostate cancer
efore prostatectomy was assessed by de Jong and coworkers.66 In
7 patients, lymph node metastases were detected with a sensitivity
f 80% and specificity of 96%. PET scan was true positive in 12 of 15
atients with histologically proven nodal metastases and was true
egative in 50 of 52 without metastases. Of note, a solitary distant
odal metastasis was found in the common iliac nodes in 5 of these
2 patients.
Although PET bone scanning with 18F-fluoride, especially in

ombination with CT looks extremely promising,113 it is likely that
8F PET bone scanning will be useful in the same general clinical
ituation, ie, patients with PSA �20 ng/mL and suspicion for osse-
us metastases.

SA Relapse
n most cases, recurrent disease presents initially as biochemical
ecurrence (BCR), with an increase in serum levels of PSA. Approx-
mately one-third of patients undergoing radical prostatectomy and

similar number of patients with radiation therapy will develop
CR. In the majority of cases, this early rise in PSA occurs in isola-
ion without any symptoms or other objective findings. The clinical
ehavior of the patient group is extremely heterogeneous and it is
ot unusual for patients to survive for 5 to 10 years with an elevated
SA as the only evidence of recurrent disease. Imaging studies are
requently negative.

onventional Imaging Studies
ocal Recurrence. The most commonly used imaging technique in

he detection of local recurrence is TRUS. The technique is more
ensitive than digital rectal examination (75% versus 44%) but less

pecific (67% versus 91%).114 In this study the overall TRUS-guided w
iopsy detection rate was only 41%. The likelihood for tumor de-
ection was higher in patients with a PSA greater than 4 ng/mL. It is
ifficult to estimate the rate of false-negative TRUS and TRUS-
uided biopsies, but as many as 28% of patients with normal initial
iopsies demonstrate cancer in subsequent biopsies.115,116

CT is not a suitable method for the early detection of local recur-
ence.117-119 In nonselected patients, the rate of CT-detected local
ecurrences was only 11% (2 of 18 patients), despite a relatively
igh PSA level of 12.4 ng/mL and a mean PSA velocity of 30 ng/mL/
r.118 In another study only 36% of local recurrences were detected,
nd in all of these patients the lesion was larger than 2 cm in size.119

alvage RT appears most effective in patients with PSA relapse of less
han 1.5 ng/mL,120 and CT cannot detect these early and small
ecurrences. However, CT can be used for monitoring previously
stablished nodal and visceral disease.

MRI has been investigated for its use in identifying local recur-
ence and metastatic bony disease in patients with rising PSA after
adical treatment.121-123 In a small number of patients MRI appeared
o have a high sensitivity and specificity of 100% for detecting local
ecurrence after radical prostatectomy.124 Similar data (sensitivity
5% and specificity 100%) were reported in a recent study in 48
atients with local recurrence.123 It remains to be seen whether
hese data can be reproduced outside of specialized centers. Of note,
n the latter study 30% of local recurrences were detected outside
he prostatic bed (in seminal vesicles, along surgical margins or
lsewhere in the pelvis), which would be important for directing
iopsies to these sites of suspected disease.

etastatic Disease. The bone scan is the most commonly used test
n patients with BCR; a survey among urologists revealed that 70%
rder a bone scan a part of the workup in patients with rising PSA
fter radical prostatectomy or radiation therapy.125 However, large
etrospective studies have shown that the positive yield of a bone
can is less than 1% to 2% in patients with PSA levels less than 10
g/mL.110,126,127 Even with PSA levels of 10 ng/mL the fraction of
one scan-detected bone metastases is in the single digit range, and
his value is now frequently recommended as the cut-off for order-
ng a bone scan. In one study the probability for a positive bone scan
as less than 5% until PSA increased to 40 to 45 ng/mL. The use of

linical nomograms may help refine the patient population in whom
bone scan should be performed. In patients with abnormal bone

can, the extent of osseous metastatic disease from prostate cancer is
n independent prognostic marker.128-130

The role of CT in the detection of bone metastases is limited and
ts routine use not recommended. In contrast, MRI is both sensitive
nd specific for this purpose. MRI can detect metastases earlier than
he bone scan, when they are still developing in the bone marrow.
he bone marrow survey is a dedicated MRI technique that covers

he axial and proximal appendicular skeleton. The inability to cover
he entire skeleton at a reasonable time and at reasonable cost has
revented the widespread use of whole body MRI for detection of
etastases. Although newer MRI techniques can cover the entire

orso within a reasonable time131 it is unlikely that the method will
njoy widespread use in patients with prostate cancer.

Lymph node metastases can be detected by CT or MRI but at this
ime both are limited by their use of size criteria. In a retrospective
tudy in 45 patients, the fraction of CT-detected lymph node me-
astases was higher in patients with PSA levels of greater than 4
g/mL (50%) than in those with lower PSA levels (17%).25

ontribution of PET
tudies With FDG. Seltzer and coworkers25 imaged 45 patients

ith BCR (mean PSA 3.8 ng/mL) with abdominopelvic CT and
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DG-PET. CT and PET were positive for nodal metastases in 33%
nd 27%, respectively. The authors then applied an arbitrary cut-off
alue for PSA and found a higher detection rate for lymph node
etastases in patients with PSA greater than 4 ng/mL (CT: 50%,

ET: 50%) as compared with those with lower PSA levels. The study
ad some limitations in that attenuation correction was not rou-
inely performed, biopsy confirmation was available in only 12 of
he 45 patients, and a method-inherent bias favored CT results (only
nlarged lymph nodes were biopsied). It was concluded that both
maging modalities are of limited use for the detection of metastatic
isease in patients with low levels of PSA. In our own experience in
3 patients with BCR and a PSA of 4.38.6 ng/mL, FDG-PET was
ositive in 35% of cases, detecting local recurrence, nodal, or osse-
us metastases. The majority of true-positive lesions (30 of 35) were
istant metastases (Figs. 2 and 3). A PSA level of 2.4 ng/mL provided
he best tradeoff between patients with positive and negative scan
sensitivity/specificity 79%/66%). Because of the low yield of true-
ositive findings, FDG-PET is therefore not recommended in post-
rostatectomy patients with BCR whose PSA levels are less than 2.4
g/mL.27

Other PET tracers, in particular choline and acetate, have been
tudied in patients with PSA relapse. According to unanimous initial
eports these agents hold great promise for detecting recurrent dis-
ase in patients with BCR.38,39,63,67

tudies With Acetate. The value of 11C-acetate in patients with

Figure 2 62-year-old male with osseous metastases fro
abnormal tracer uptake in the spine and pelvis. (B) CT
absence of FDG uptake in the sclerotic lesion in the rig
scan. (Color version of figure is available online.)
CR has been addressed specifically in three studies,31,38,39 which d
ncluded a total of approximately 100 patients. Kotzerke and co-
orkers39 specifically studied the value of 11C-acetate PET in visu-

lizing local recurrence in the prostate bed and adjacent tissues.
hirty-one patients with BCR and a mean PSA of 15 � 30 ng/mL
range 0.9–151) were included. TRUS (followed by biopsy if suspi-
ious nodules were detected) and 6 months of clinical follow-up
erved as standard of reference. Recurrent disease was eventually
roven (21 biopsy, 2 TRUS only) in 18 patients. PET showed focal
bnormal tracer uptake in the prostate bed in 15 of these individuals
sensitivity 15/18 � 83%). PET was false negative in three patients
PSA 1.3; 4.4 and 12.6 ng/mL). There were no false-positive find-
ngs. In addition to local recurrence, distant lymph node or bone

etastases were seen in five patients each. The proportion of tumors
etected appeared independent of PSA levels. In a subgroup of
atients with PSA levels less than 2 ng/mL, five of eight local recur-
ence were noted by PET, thereby identifying patients who might
enefit from salvage RT. (Salvage RT for local recurrence appears
ost promising in patients with PSA levels �1.5–2.0 ng/mL132 and
ould only be initiated in patients without distant disease.) The

hree tumors not detected by acetate PET were less than 1.5 mL in
olume.

Oyama and coworkers studied 46 patients with rising PSA after
rostatectomy or primary radiation therapy.38 All patients under-
ent PET with 11C-acetate and FDG (furosemide and bladder cath-

ter for the latter). Abnormal tracer uptake, suspicious for recurrent

tate cancer; PSA � 6.5 ng/mL. (A) Bone scan shows
ET, and (D) PET/CT fusion images of the pelvis. Note
bone, which shows intense tracer uptake on the bone
m pros
, (C) P
ht iliac
isease, was detected in 59% of acetate studies but only 17% of FDG
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Figure 3 FDG-PET shows response to therapy in this patient with osseus metastases from prostate cancer who had a PSA
of 5.88 ng/mL. (A) CT, PET, and PET-CT fusion images show abnormal FDG uptake within a sclerotic lesion in the axis
(second cervical vertebra). (B) A follow-up study 6 months later, after combined androgen withdrawal therapy, shows
an identical CT image but lack of FDG uptake. (C) Bone scan images at time point 1 (left panel) and 6 months later

(right panel) are almost identical with several lesions in spine and pelvis. (Color version of figure is available online.)
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tudies (Fig. 4). Using CT, bone scan, biopsy, or “high clinical
robability” as the standard of reference, 30% of patients had their
isease identified by acetate PET, whereas only 9% had disease

dentified by FDG-PET. In this study, the probability for lesion
etection was higher in patients with PSA levels greater than 3
g/mL (59%) as compared with those with lower PSA levels (4%).
his is in contrast to data by Kotzerke and coworkers39 (see above).
Fricke and coworkers31 compared FDG and 11C-acetate PET in

rostate cancer patients with suspected local recurrence or meta-

igure 4 (A) FDG and 11C acetate PET scan in 73-year-old male with
SA relapse (9.1 ng/mL) approximately 2 years after external beam
T with curative intent. FDG images (left panel) show no abnormal

racer uptake, whereas 11C acetate images (right panel) clearly dem-
nstrate abnormal tracer uptake in pelvic lymph nodes. (B) CT
hows mildly enlarged pelvis lymph nodes. (Images reprinted by
ermission of the Society of Nuclear Medicine from Oyama et al.38).
tatic disease (PSA range, 0.4–400 ng/mL). An arbitrary SUV c
reater than 2 was used to identify disease. Overall, local recurrence
r metastases were detected in two thirds of patients with FDG and
0% of patients with 11C-acetate. The intensity of FDG uptake in
hese lesions was generally lower that that for acetate (median SUV
.4 versus 3.2). In a subset of 15 patients who were imaged with
oth tracers, acetate showed a higher sensitivity than FDG for local
ecurrence and nodal metastases (70% versus 43% and 75% versus
0%). However, distant disease mostly in bone) was detected more
requently with FDG (75% of cases versus 50% with acetate). It was
uggested that PET imaging with more than one tracer might be
ecessary in the evaluation of patients with BCR.

tudies With Choline. Price and coworkers62 investigated the dis-
ribution of FDG and F-choline in cell cultures and patients with
ndrogen-dependent and androgen-independent prostate cancer.
CH uptake was 80% and 60% greater than FDG uptake in andro-
en-dependent and -independent cells. In patients with primary or
etastatic prostate cancer, more lesions were visualized with FCH.

rostatic uptake was 2.8-fold higher for FCH than for FDG and
ppeared more focal. Local disease recurrence was detected in three
atients with FCH but only one with FDG. Six patients showed
bnormal uptake of FCH in lymph nodes in comparison with two
atients with FDG. FCH was retained in tumor tissue for 1 h after
dministration, consistent with its phosphorylation and incorpora-
ion into cellular lipids.

De Jong and coworkers studied 22 patients with rising PSA and
4 without evidence for BCR after prostatectomy or radical radia-
ion therapy67 11C-choline PET was true negative in 14 of 14 patients
ithout BCR. Among the 22 patients with elevated PSA levels, sites
f recurrent disease were identified in 12 (5 of 13 with radical
rostatectomy and 7 of 9 with radiation therapy). In the 10 patients
ith negative PET, all other imaging studies had also failed to dem-
nstrate sites of disease. Of note, all patients with PSA levels less
han 5 ng/mL had a negative PET scan.

The largest study to date was conducted by Picchio and co-
orkers,63 who compared 11C-choline and FDG in 100 men with
CR (mean PSA, 6.5 ng/mL; range, 0.14 –171). Seventy-seven

ndividuals had undergone prostatectomy, and 23 had been
reated with radiation therapy. PET findings were compared with
hose in “conventional imaging studies” and in those individuals
ith negative PET using PSA levels after 1 year of follow-up.
ore abnormalities, suspicious for recurrent disease, were noted
ith choline than with FDG (47% versus 27% of studies; Fig. 5).
atients (35 of 47) with abnormal choline scan also had recurrent
isease identified by conventional imaging. There was only one
atient with negative choline scan in whom conventional imag-

ng studies found the site of disease. Overall, choline PET proved
ore accurate than FDG for detecting local recurrence as well as

odal and distant metastases. A negative choline scan likely in-
icates a good prognosis because 80% of these patients showed
table PSA levels at 1 year of follow-up.

tudies With Methionine. Nunez and coworkers34 compared the
iagnostic yield of FDG and 11C-methionine in 12 castrate pa-
ients with progressing prostate cancer, defined as 50% increase
n the PSA levels and the development of new lesions or worsen-
ng of preexisting lesions on bone scan, CT, or MRI. Of all lesions
ssessed, 93% were osseous metastases. On average, the intensity
f methionine uptake in these lesions was significantly higher
han that of FDG and more lesions were detected with 11C-
ethionine PET. The number of lesions on methionine PET cor-

elated better with the number of lesions on bone scan. Using

onventional imaging (CT, MRI, bone scan) as the their standard,
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284 H. Schöder and S.M. Larson
he sensitivity for the detection of bone and soft tissue metastases
as 48% and 34%, respectively, for FDG-PET as compared with
0% and 70%, respectively, for 11C-methionine PET. The au-
hors speculated that FDG might reflect the biologic activity of
he disease more accurately than bone scan or methionine PET.

esponse to Therapy and Prognostic Value
reatment Monitoring
ost prostate cancers are dependent on androgen for growth and
etastasis. Therefore, androgen ablation is one of the main treat-
ent modalities in patients who do not qualify for radical treatment
ith curative intent and also for many patients with recurrent or
etastatic disease. In selected cases, chemotherapy is also

sed.133,134 The current means of assessing the response to hor-
onal and chemotherapy are imprecise and inadequate because

hanges in tumor size are often slow to occur and alterations in PSA
evels do not always correlate with clinical outcome.135,136 For in-
tance, androgen blockade causes a decline in PSA to undetectable
evels, but this does not necessarily reflect an improved survival in
hese patients.135 Also, bone lesions are notoriously difficult to
uantitate on conventional imaging studies, and bone scan may
ctually get worse, even when tumor has responded ie, (“flare” phe-

Figure 5 Transaxial PET images in a patient with a man w
radical prostatectomy. 11C choline PET shows abnorm
image appears normal (B). T2-weighted spine-echo MRI
(D) clearly show abnormal soft tissue in the prostate be
J Urol 169:1337-1340, 2003.)
omenon).137,138 i
Experimental and clinical studies (Figs 2 and 3) suggested that
ET can monitor the course of prostate cancer and its response to
herapy.24,33,70,139,140 Using a human prostate cancer xenograft
odel, Agus and coworkers24 studied serial changes in prostate

ancer metabolism with 3H DOG or FDG-PET. At 48 h after andro-
en withdrawal, glucose accumulation in the tumor was decreased
o 62% of baseline level and decreased further to 32% of baseline
fter 10 days. Changes in tumor metabolism preceded changes in
umor volume and PSA. The decline in tumor glucose uptake also
as associated with a decrease in the proportion of tumor cells in

he active cell cycle. Reintroduction of androgen caused a return of
lucose uptake to near baseline levels. Similar data were reported by
yama and coworkers140 using a tumor-bearing mouse model and
icro PET imaging. Treatment with diethylstilbestrol, simulating

ndrogen withdrawal therapy, caused a decrease in FDG uptake in
he prostate at 3 weeks. No such change was noted in control ani-
als or those treated with dihydrotestosterone. These experimental

tudies and preliminary data in patients suggested that FDG-PET
ould be used for treatment monitoring in prostate cancer patients.
n a small series of 10 patients, Oyama and coworkers139 used FDG
or monitoring the response to androgen ablation therapy. PET was
erformed before and then again between 1 and 5 months after

relapse (PSA � 3.8 ng/mL) approximately 6 years after
r accumulation in the prostate bed (A), whereas FDG
d contrast-enhanced, fat-suppressed T1-weighted MRI
ws). (Images used with permission from Picchio et al.
ith PSA
al trace
(C) an
d (arro
nitiation of hormonal therapy. All patients showed a decrease in
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SA levels as well as FDG SUV in the prostate gland and at meta-
tatic sites. PSA levels declined by 70% to 99% compared with
aseline and the SUV decreased by 12% to 77% compared with
aseline. Of note, there was no correlation between these two pa-
ameters. Although these findings suggested that glucose use in
uman prostate cancer is suppressed by androgen ablation, it re-
ains to be seen if and how the data can be used to guide patient
anagement. In a mouse model, the proliferation marker F-18 FLT

lso appeared to be suitable for monitoring the response of to an-
rogen withdrawal therapy.141

Using F-18 choline as a PET tracer, DeGrado and coworkers70

escribe the response to androgen withdrawal therapy in a patient
ith metastatic prostate cancer. Although the lesion was still visu-

lized on the follow-up scan, the intensity of choline uptake had
ecreased significantly (approximately 60% decline in SUV as com-
ared with baseline).
As stated above, FDG-PET detects fewer osseous lesions than

ither bone scan or CT.30,112 However, these two imaging modalities
nly reflect abnormal osteoblast activity or structural alterations in
he bone, which do not necessarily indicate the presence of viable
umor cells. Abnormalities on bone scan can persist for many years,
lthough no viable tumor can be found on biopsy. As mentioned
bove, an increase in tracer uptake in the bone scan after therapy can
eflect treatment-induced changes in blood flow and osteoblast ac-
ivity rather than an increase in tumor burden (“flare phenome-
on”). In patients that show a flare phenomenon on bone scan,
DG-PET may reflect more accurately the response to therapy.142

rognostic Value
or a number of malignancies, the intensity of tracer uptake can
erve as an independent indicator of the patient’s prognosis both in
he primary setting as well as for recurrent disease.143-145 Limited
vidence suggests that this also may apply in patients with prostate
ancer146: among surgically treated patients, those with low FDG
ptake in the primary tumor (SUV �4) appeared to have better
elapse-free survival. However, the same authors also reported26

hat the probability for a positive PET scan in patients with newly
iagnosed prostate cancer increases with advancing stage as well as

ncreases in PSA levels, which are established prognostic factors.11

herefore, it remains to be seen whether PET provides truly inde-
endent prognostic information in prostate cancer.
The prognostic value of FDG-PET in patients with bone metasta-

es was addressed in a study by Morris and coworkers.33 Of a total of
37 of the lesions (in 17 patients), 71% were noted on both PET and
one scan, whereas 23% were only seen on bone scan and 6% only
n PET. Of note, all but one of the lesions noted on bone scan alone
emained stable, but al lesions detected only by FDG-PET showed
urther progression with positive bone scans developing at the site
n follow-up. This suggested that FDG-PET might reflect more
ccurately the tumor biology and aggressiveness of the disease.

onclusions
he usefulness of PET is strongly influenced by the clinical state and
ggressiveness of the individual patient’s tumor. This fact has been
iven insufficient weight in many early studies of the role of PET in
rostate cancer, and clinical status is often incompletely reported.
his makes interpretation of the findings of individual studies prob-

ematic. Nevertheless, it is clear that for many patients with primary
rostate cancer, PET is not a useful test for initial detection. How-
ver, from a practical point of view, this may be less relevant. In
ost men now being diagnosed with prostate cancer, workup is
nitiated because of an incidentally detected elevated PSA level dur- w
ng routine physical examination. Further evaluation almost always
ncludes consultation with an urologist, digital rectal examination,
ransrectal ultrasound and (TRUS-guided) biopsy of the prostate.
ecause this diagnostic paradigm is now widely accepted, few of the
ore recent imaging studies have attempted to diagnose prostate

ancer or distinguish it from BPH.
With regard to staging, neither CT nor MRI, as currently prac-

iced, reliably detect lymph node metastases from primary prostate
arcinoma. A bone scan should only be ordered in selected patients,
ased on significant elevation (�20 ng/mL) of the PSA. PET with
DG is not helpful in detecting nodal metastases in the primary
etting. 11C-acetate or choline appear more promising for identify-
ng metastatic disease, but their exact role in the management of
atients with primary prostate cancer requires further investigation.
FDG-PET can identify recurrent disease, nodal, and osseous me-

astases in patients with PSA relapse. Lower thresholds for PSA have
een identified, above which FDG is more likely to detect disease.
imilar thresholds likely also exist for imaging with acetate or cho-
ine.38,67 Neither acetate nor choline is the “perfect” radiotracer, and
ocal recurrence or small nodal metastases can be missed. Neverthe-
ess, PET with choline or acetate generally shows more sites of
isease and more intense uptake in these lesions than FDG. One
tudy suggested that imaging with 2 tracers may be required in
atients with PSA relapse, because local recurrence and lymph node
etastases were detected better with acetate, but bone lesions better
ith FDG.31

enal Cell Carcinoma (RCC)
CC accounts for approximately 3% of all cancers in adults, and
pproximately 36,000 cases will be diagnosed in 2004 in the United
tates.1 With the increased use of ultrasound and CT for the evalu-
tion of abdominal diseased, the number of incidentally discovered
CCs has increased significantly.147 Surgery is the only definite form
f therapy in these patients. Curative resection is feasible for local-
zed disease (including stages I, III, IIIa) and the prognosis after
esection of the primary tumor is good.147 However, the prognosis is
leak in patients with overt metastases at the time of diagnosis, with
median survival of 10 months.
CT is the standard imaging test for evaluation of patients with

enal masses.148 Helical CT may identify RCC with a sensitivity of
00% and specificity of 88% to 95%.149,150 The reported sensitivity
f CT for the detection of retroperitoneal lymph node metastases is
s high as 95%,148 but using a nodal size of 1 cm or greater as
riterion, the rate of false-positive findings can range from 3% to
3%.151 Despite recent advances in CT technology, the sensitivity
or the detection of pulmonary metastases from extra-thoracic pri-
ary tumors ranges from 75% to 95% but is lower (50-70%) for

esions smaller than 6 mm in size.152,153

etection of Primary Disease
ew studies have investigated the utility of PET in the assessment of
enal masses and primary staging of RCC. In a pilot study in five
atients with RCC, all primary tumor and metastases were visual-

zed by FDG-PET.154 This prompted further investigations in pa-
ients with primary RCC as well as those with suspected local recur-
ence or metastatic disease. In a study of 29 patients, PET was
ositive in 20 of 26 with confirmed disease, but the primary tumor
as missed in 6 cases. An angiomyolipoma, a pericytoma, and a
heochromocytoma showed a false-positive PET result.155 In a more
ecent study156 a primary RCC was identified in 15 of 17 patients

ith suspicious renal masses. There were no false-positive results.



Figure 6 Staging of RCC. (A) Coronal FDG-PET images, coronal CT, and coronal PET/CT fusion images show abnormal
FDG uptake in a right renal mass. (B) Transaxial PET, CT, and fusion images, as well as coronal PET-CT fusion image,

show tumor extension into the right renal vein and inferior vena cava. (Color version of figure is available online.)
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verall, PET influenced treatment decisions in 6 of 17 patients
35%); 2 were found to have metastases by PET, whereas renal vein
hrombus was excluded in 1, and 3 were considered eligible for
ephron-sparing surgery. The overall accuracy was 94%, which was

dentical to CT in this study. However, this high sensitivity of PET
ould not be reproduced in other studies.157,158 In the largest study
o date, Kang and coworkers157 performed FDG-PET in 66 patients
ith RCC. Of the 17 individuals with known primary RCC or sus-
icious mass, 15 were found to have a primary renal cancer; only 9
f these tumors appeared hypermetabolic on FDG-PET and were
hus correctly classified as cancer. The PET sensitivity and specific-
ty for the detection of primary RCC were 60% and 100% (CT: 92%
nd 100%). An image example is shown in Figure 6.

ecurrent and Metastatic Disease
etastatic disease is a strong predictor of poor survival in patients
ith RCC.159 Patients with advanced metastatic disease have a 0% to
% 5-year survival rate,160 whereas solitary metastases can be re-
ected surgically in selected patients, with a 5-year survival rate of
pproximately 30%.161 Early detection and management of metas-
ases has the potential to improve prognosis and quality of life.
urrently CT, sometimes supplemented by a bone scan if indicated,

s the most commonly used imaging test for follow-up of patients
ith RCC. Although FDG-PET did not appear to contribute much to

he initial staging of RCC, the detection of local recurrence or me-
astases should not be affected by some of the FDG-inherent limita-
ions in imaging the urinary tract.156,157,162-165

The aforementioned study by Ramdave et al156 included eight
atients with suspected local recurrence or metastatic disease. PET
as true positive in seven patients and true negative in one, yielding
diagnostic accuracy of 100% (CT: 88%). Of eight patients in
hom CT suggested potentially resectable metastatic disease, PET

evealed widespread metastases in four. In one patient, PET accu-
ately distinguished between postradiation changes and local recur-
ence. The findings lead to a change in treatment in four of eight
atients (50%) by avoiding or altering planned surgical procedures.
Safaei and coworkers164 performed PET in 36 patients with ad-

anced renal cell cancer who were referred for restaging. 85% of
onfirmed lesions were assessed accurately (sensitivity 88%, speci-
city 75%). They concluded that PET could be useful in character-

zing anatomic lesions of unknown significance.
Majhail and coworkers165 studied 24 patients with RCC and sus-

ected recurrence at distant sites. Of the 33 sites of histologically
roven metastatic sites, 21 (64%) were identified by PET. Sensitivity
nd specificity were 64% and 100%. These findings were indepen-
ent of initial Fuhrman grade, prior immuno- or chemotherapy, or
he site of distant metastases. However, the average size of metastatic
esions correctly identified by PET was larger than that for false-
egative findings (2.2 cm versus 1.0 cm; P � 0.01). In no case did
DG-PET identify distant metastases that had not been visualized by
T or MRI.
In the larger study by Kang and coworkers,157 a total of 172 soft

issue and bone lesions were confirmed as metastatic RCC either by
ubsequent imaging studies or histopathology, and 115 of these
67%) were identified by PET. Specifically PET detected 89 of 139
oft tissue metastases (64%) and 26 of 33 bone metastases (78%).
ung metastases were detected with a sensitivity of 75% and spec-

ficity of 97%. As expected, CT was more sensitive than PET in
etecting lung metastases (91%). In addition, the combination of
T and bone scan showed higher sensitivity for detecting osseous
etastases (94%). For retroperitoneal nodal metastases, PET was
5% sensitive and 100% specific (CT: 93% and 98%). Multiple w
esions within a single patient often exhibited differing levels of FDG
ptake and some were undetectable: In 44% of studies PET detected
ll metastatic lesions, in another 44% only some lesions, and in 12%
ET failed to detect any metastasis. Overall, the specificity of PET
as generally higher than that of any other test or a combination of
T and bone scan (for bone lesions). In 39 scans (in 32 pats) PET

ailed to detect RCC lesions identified by conventional imaging.

onclusion
T, not PET, is the method of choice for the detection and staging of
rimary RCC. FDG-PET has a limited sensitivity for evaluating met-
static RCC, in particular for small metastatic lesions. Although a
egative study cannot rule out metastatic disease with sufficient
ccuracy, a positive PET scan should be considered strongly suspi-
ious for local recurrence or metastasis, because of the high speci-
city and PPV of this test. However, because of the limited anatomic

nformation, PET cannot replace the need for CT in the follow-up of
CC patients. A combined test (CT and PET) may be necessary if

mportant management decisions were to be based on the test result.
his would take advantage of the high sensitivity of CT and high
pecificity of PET in patients with metastatic RCC. PET can also
erve as a “problem-solving” modality in cases with equivocal CT or
one scan findings and may prove useful in monitoring treatment
esponse as more effective treatments become available.

ladder Cancer
ladder cancer is the fourth most common malignancy in men in the
nited States, and approximately 60,000 new cases are expected to
ccur in 2004.1 Most of the newly diagnosed tumors are low grade
nd noninvasive. They recur frequently but rarely progress to mus-
le invasive or metastatic disease. It is unlikely that PET imaging
ould contribute to the management of these tumors. In contrast,
igh-grade or invasive bladder cancer is characterized by progres-
ive local invasion, extension to adjacent organs, and the develop-
ent of regional and distant metastases. Radical cystectomy with
elvic lymphadenectomy is the standard of treatment for patients
ith invasive disease that is confined to the pelvis. The effectiveness
f local therapy depends largely on the extent of primary tumor
nvasion and the presence of pelvic lymph node metastases: Organ-
onfined bladder cancer can be treated by surgery alone and may be
urable in more than 70% of patients,166-168 but patients with re-
ional nodal metastases show a propensity for disease recurrence
nd distant disease and, as a group, show a 5-year survival of only
0% to 25% patients.166-169 Accurate staging of bladder cancer is
herefore important to select the appropriate treatment strategy.
dvances in surgical techniques for cystectomy and pelvic recon-
truction have made it possible to tailor surgery to the specific needs
f patients. Preoperative knowledge of local tumor extension would
elp in selecting appropriate patients for bladder sparing surgery,
erve or vaginal sparing procedures or pelvic exenteration. Histor-

cally, the accuracy of CT for the staging of bladder cancer has been
s low as 50% as compared with approximately 75% with
RI.170-173 The introduction of multi-detector row CT, new MR

echniques and MR contrast agents could potentially improve the
taging accuracy. Nevertheless, anatomic imaging techniques have
ethod-inherent limitations for the assessment of lymph node me-

astases as well as for the detection of local recurrence.
Scant work has been done with PET in bladder cancer.111,155,174

enal excretion of FDG and streak artifacts from excreted tracer in
he urinary bladder led many investigators to conclude that PET

ould be of limited value in bladder cancer. Although efforts have



b
(
r
t
(
a
b
t
a
a
t
t
fi
u
o
s
a
l
l
u
e
d
w
t
u
t
v
t
a
c
t

w
n
p
d

C
B
t
fi
f
H
F
f
o

R

F
i
s
1
t
t
b

288 H. Schöder and S.M. Larson
een made to reduce the amount of excreted FDG in the bladder
forced diuresis, bladder catheter with continuous irrigation), the
esults have largely been disappointing. Pooling of excreted tracer in
he ureters and variable bowl activity presented further challenges
Fig 7). One small study reported a sensitivity and specificity of 67%
nd 85% in patients with carcinoma of the bladder neck, which was
etter than CT-MRI.155 However, because of the above limitations
he use of FDG-PET for staging of bladder cancer has not found
cceptance in clinical practice. In contrast, based on our experience
nd sporadic case reports,175 PET with FDG can be a useful test for
he detection of recurrent tumor in the pelvis, differentiation be-
ween local recurrent disease versus. postsurgical or postirradiation
brosis or necrosis and for the detection of distant metastases. The
se of combined PET-CT imaging is expected to reduce the number
f false-positive findings in the lower abdomen and pelvis, which
hould increase the accuracy of the test.176,177 Nevertheless, there is
need to study the efficacy of other PET tracers, without or only

imited renal excretion, in bladder cancer. 11C methionine and cho-
ine have been proposed for this purpose. With methionine, tracer
ptake in the primary tumor was related to tumor grade.178 How-
ver, only 78% of all bladder cancers could be visualized, and PET
id not improve the local staging of the disease. de Jong and co-
orkers performed PET with 11C-choline in 18 patients before cys-

ectomy (but after transurethral resection or biopsy) and in 5 vol-
nteers.174 Normal bladder tissue showed little tracer uptake and
here was only minimal urinary activity. The primary tumor was
isualized in 10 patients with residual invasive disease in the cys-
ectomy specimen (mean SUV, 4.7 � 3.6, range, 1.5–13.0). In
nother seven patients no residual tumor was found at the time of
ystectomy. Premalignant lesions (CIS, dysplasia) were present in

igure 7 Bladder cancer imaging with FDG. (A) Transaxial FDG-PET
mage shows excreted tracer in the urinary bladder. (B) The corre-
ponding CT image shows thickening of the bladder wall and a 1.7 �
.3 cm left perivesical lymph node, likely metastatic. On PET, however,
he tumor cannot be identified because of accumulation of excreted
racer in the bladder. FDG is not a suitable tracer for the staging of
ladder cancer.
hree of these but were missed by PET. In the remaining patient PET
as true negative. One patient showed unexpected abundant uri-
ary activity that interfered with tumor detection, and one false
ositive finding was related to inflammatory changes from an in-
welling bladder catheter.

onclusion
ecause of its renal excretion, FDG is not a suitable tracer for de-
ecting a tumor in the bladder wall. Its accuracy of FDG-PET for
nding lymph node metastases is rather low and the method has not
ound acceptance for the presurgical staging of bladder cancer.
owever, recurrent disease in the pelvis can be identified with FDG.
or proper interpretation of these studies the reader needs to be
amiliar with various techniques of bladder reconstruction. The role
f 11C-acetate and choline in bladder cancer is under investigation.
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