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Abstract Prostate cancer (PCa) is the second leading

cause of cancer death among men in the United States.

Positron emission tomography (PET), a non-invasive,

sensitive, and quantitative imaging technique, can facilitate

personalized management of PCa patients. There are two

critical needs for PET imaging of PCa, early detection of

primary lesions and accurate imaging of PCa bone metas-

tasis, the predominant cause of death in PCa. Because the

most widely used PET tracer in the clinic, 18F-fluoro-2-

deoxy-2-D-glucose (18F-FDG), does not meet these needs, a

wide variety of PET tracers have been developed for PCa

imaging that span an enormous size range from small

molecules to intact antibodies. In this review, we will first

summarize small-molecule-based PET tracers for PCa

imaging, which measure certain biological events, such as

cell membrane metabolism, fatty acid synthesis, and

receptor expression. Next, we will discuss radiolabeled

amino acid derivatives (e.g. methionine, leucine, trypto-

phan, and cysteine analogs), which are primarily based on

the increased amino acid transport of PCa cells. Peptide-

based tracers for PET imaging of PCa, mostly based on the

bombesin peptide and its derivatives which bind to the

gastrin-releasing peptide receptor, will then be presented in

detail. We will also cover radiolabeled antibodies and

antibody fragments (e.g. diabodies and minibodies) for

PET imaging of PCa, targeting integrin avb3, EphA2, the

epidermal growth factor receptor, or the prostate stem cell

antigen. Lastly, we will identify future directions for the

development of novel PET tracers for PCa imaging, which

may eventually lead to personalized management of PCa

patients.
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Introduction

Prostate cancer (PCa) is the second most leading cause of

cancer death among men in the United States, with an

estimated 186,320 new cases and 28,660 deaths in 2008

(Jemal et al. 2008). When diagnosed early, the 5-year

survival rate of PCa is almost 100%. Although hormonal

treatment of PCa metastases is initially successful with

response rates of more than 90%, hormone-refractory

disease will usually develop after about 18–24 months

(Eisenberger et al. 1998). Therefore, accurate localization

of the tumor as well as whole body burden determination of

PCa is critically important for selecting the most effective

treatment, with the goal of improving cancer control, while

reducing the risk of intervention-related complications.

Current clinical diagnostic methods for localizing PCa

adopt both the conventional anatomic imaging techniques,

such as computed tomography (CT) (Hricak et al. 2007;

Price and Davidson 1979), ultrasound (Cury et al. 2006;

Fuchsjager et al. 2008; Linden and Halpern 2007), and

magnetic resonance imaging (MRI) (Rorvik and Haukaas

2001), and molecular imaging techniques such as magnetic

resonance spectroscopy (Kurhanewicz et al. 2008; Mueller-

Lisse et al. 2007; Squillaci et al. 2005), single-photon
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emission computed tomography (SPECT) (Ananias et al.

2008; Reubi and Maecke 2008; Seo et al. 2006) and

positron emission tomography (PET) (Bouchelouche and

Oehr 2008; Emonds et al. 2009; Farsad et al. 2008; Larson

and Schoder 2008). The conventional imaging techniques

have played a rather limited role in the diagnosis, staging,

and monitoring of PCa patients because PCa can be

indistinguishable from the surrounding normal prostate

tissue (Norberg et al. 1997). Molecular imaging techniques

can provide more biologically relevant information that

is necessary to understand the tumor physiology, thereby

enabling more accurate prognosis and therapeutic

monitoring.

Among all molecular imaging techniques, PET is the

most sensitive and has been applied in the diagnosis of

PCa. Based on the use of positron-emitting radioisotopes,

PET imaging can provide non-invasive and, more impor-

tantly, quantitative images of the tracer in intact living

subjects (i.e., animals for pre-clinical studies and humans

for clinical studies, respectively) (Gambhir 2002; Phelps

2000). The two critical needs for PET imaging of PCa are

early detection of primary lesions and accurate localization

of PCa bone metastasis. In this review, we will first briefly

introduce the commonly used PET tracers for PCa imaging.

Then, we will focus on peptide-based tracers that range

from a single amino acid to macromolecules such as anti-

bodies. The knowledge of both the benefits and disadvan-

tages of these PET tracers will help the clinicians to make

the right decision in both diagnosis and management of

PCa.

Small-molecule-based PET tracers for PCa imaging

The most commonly used and most successful PET tracer

for cancer diagnosis is 18F-fluoro-2-deoxy-2-D-glucose

(18F-FDG, Fig. 1) (Gambhir et al. 2001). Tumor imaging

with 18F-FDG is based on the fact that cancer cells are

more metabolically active than normal cells. Most cancer

cells actively take up and transport 18F-FDG into glycol-

ysis, where it is phosphorylated to 18F-FDG-6-phosphate

by hexokinase (Pauwels et al. 1998). 18F-FDG-6-phosphate

is then trapped inside the cells, which gives PET contrast of

the tumor tissue. 18F-FDG uptake in PCa was reported to

correlate with the prostate-specific antigen (PSA) level,

thus it can be used as a measure of tumor aggressiveness

(Seltzer et al. 1999). 18F-FDG PET can also be useful in

monitoring the therapeutic responses of patients with

aggressive or hormone refractory diseases (Morris et al.

2002, 2005). However, generally speaking, 18F-FDG PET

imaging in PCa has not been very successful due to several

reasons. First, glucose utilization in well-differentiated PCa

is often lower than in other tumor types, which leads to low

tumor uptake of 18F-FDG and poor image contrast. Second,

the intense accumulation of 18F-FDG in the urinary blad-

der, which is in close proximity to the prostate, often

overshadows the tumor uptake (Mathews and Oz 2002).

Third, no correlation was observed between tumor grade/

stage and the 18F-FDG uptake in PCa (Effert et al. 1996). In

one study, it was reported that when compared with CT,

ultrasound, or MRI, 18F-FDG PET of PCa did not reveal

any additional information (Effert et al. 1996).

Owing to the limitations of 18F-FDG PET, several other

small-molecule-based tracers were developed and evalu-

ated for PET imaging of PCa which include: 11C- or
18F-labeled choline analogs (imaging of cell membrane

metabolism) (de Jong et al. 2002; DeGrado et al. 2007;

Farsad et al. 2005; Hara et al. 2002; Husarik et al. 2008),
18F-fluoride (imaging of osteoblastic activity) (Beheshti

et al. 2008), 18F- or 11C-acetate (imaging of fatty acid

synthesis) (Albrecht et al. 2007; Nanni et al. 2007; Ponde

et al. 2007; Vavere et al. 2008), 64Cu-diacetyl-bis(N4-methyl-

thiosemicarbazone) (64Cu-ATSM, imaging of hypoxia)

(Vavere and Lewis 2008), and 18F-30-deoxy-30-fluorot-

hymidine (18F-FLT, imaging of proliferation) (Bouchelouche

and Oehr 2008; Oyama et al. 2004) (Fig. 1). In various

Fig. 1 Representative small-

molecule-based PET tracers for

PCa imaging
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clinical or experimental scenarios, these tracers exhibited

certain advantages over 18F-FDG such as reduced urinary

excretion, better sensitivity, and improved diagnostic

accuracy, as well as more insight into the pathobiological

characteristics of PCa. However, these tracers are not

PCa specific. In some cases, inefficient radiolabeling and

synthesis methods have also limited the applications of

certain PET tracers for widespread clinical use in the

future.

The development of PET tracers that can be targeted to

specific molecular markers over-expressed in PCa is cru-

cial for the accurate diagnosis of PCa. The normal devel-

opment and maintenance of the prostate is dependent on

androgen acting through the androgen receptor (AR),

which remains important in the development and progres-

sion of PCa (Heinlein and Chang 2004). Since AR is

activated by binding of either of the androgenic hormones,

testosterone or dihydrotestosterone, 18F-fluoro-5a-dihydro-

testosterone (18F-FDHT, Fig. 1) was developed for PET

imaging of PCa (Dehdashti et al. 2005; Larson et al. 2004;

Zanzonico et al. 2004). 18F-FDHT appears to be useful in

evaluating clinically progressive metastatic PCa and may

be a promising agent in measuring tumor responses to

treatment. However, this tracer is not very useful in

androgen-independent PCa because the tracer uptake may

not be relevant to PCa development in these cases.

Peptides and their derivatives are of particular interest for

PET tracer development because they have many favorable

characteristics including fast clearance from the circulation,

rapid tissue penetration, and low antigenicity. There has

been a tremendous growth in the development of radiola-

beled peptides for diagnostic and therapeutic applications in

the last decade (Weiner and Thakur 2005). The easy and

automated means of synthesizing these compounds, along

with the simplified methods for purification, characteriza-

tion, and optimization of peptides, make them highly

attractive targeting molecules (Lebl and Hachmann 2005;

Reader 2004). A variety of PET tracers have been developed

for targeting either universal or PCa-specific antigens/

receptors, including the prostate-specific membrane antigen

(PSMA), prostate stem cell antigen (PSCA), gastrin-

releasing peptide receptor (GRPR), integrin avb3, among

others. The targeting ligands used in these tracers span the

wide range from single amino acids to peptides to anti-

bodies, which is the main focus of this review.

Radiolabeled amino acid derivatives for PET imaging

of PCa

Positron emission tomography imaging of tumor cell

metabolism has been very successful over the last decade.

Numerous studies have demonstrated that tumors can be

detected with high sensitivity and specificity by imaging

their increased metabolic rates for glucose (with 18F-FDG)

or lipids (with radiolabeled choline analogs) (Plathow and

Weber 2008). Another important area for imaging tumor

cell metabolism is the amino acid transport. A number of

amino acid derivatives have been radiolabeled for PET

imaging of cancer, with the most popular ones being

[N-methyl-11C]a-methylaminoisobutyric acid (11C-MeAIB,

Fig. 2) (Sutinen et al. 2001; Tolvanen et al. 2006), and

radiolabeled methionine/tyrosine/phenylalanine analogs

(Laverman et al. 2002; McConathy and Goodman 2008;

Fig. 2 Representative

radiolabeled amino acid

derivatives for PET imaging

of PCa
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Plathow and Weber 2008). Here, we will only focus on the

radiolabeled amino acid derivatives that have been tested

for PET imaging of PCa.

11C-methionine

One of the earliest investigated amino acid-based PET

tracers for PCa imaging is 11C-methionine (Fig. 2) (Larson

and Schoder 2008; Macapinlac et al. 1999; Toth et al.

2005). The uptake of 11C-methionine is related to amino

acid transport and protein synthesis, which is indicative of

active tumor proliferation. Methionine is rapidly cleared

from the blood and is metabolized in both the liver and the

pancreas without renal excretion, which makes it more

suitable than 18F-FDG for imaging pelvic malignancies

such as PCa. In 1999, the pharmacokinetics of 11C-methi-

onine was compared with 18F-FDG in a group of androgen-

independent, metastatic PCa patients to determine the

optimal time of imaging after tracer injection (Macapinlac

et al. 1999). The plateau of 11C-methionine uptake in the

tumor was reached within 10 min, and thereafter remained

constant. Tumor uptake of 18F-FDG was slower, and for

some patients it continued to rise beyond 45 min. The

clearance of blood activity for 11C-methionine was more

rapid than 18F-FDG and the standardized uptake value

(SUV) of 11C-methionine was also significantly higher than

that of 18F-FDG. The major advantages of 11C-methionine

over 18F-FDG are higher tumor to blood ratio, more rapid

tumor uptake that allows earlier imaging, and a flatter

plateau which makes lesion activity on whole body images

more uniform and less susceptible to gradual changes.

A subsequent study confirmed these advantages of
11C-methionine over 18F-FDG (Nunez et al. 2002), and

further revealed that 11C-methionine was more effective

for detecting bone metastasis in PCa patients. In 2005,
11C-methionine PET was carried out in a rising PSA pop-

ulation with negative findings on repeated biopsies (Toth

et al. 2005). With an overall detection rate of 46.7% (7/15),
11C-methionine PET of the prostate with short dynamic

scans, in combination with multicore biopsy, was found to

be useful in ensuring a high detection rate of PCa in the

patient population investigated in this study.

Besides the frequently used 11C-methionine, many other

radiolabeled amino acid derivatives have been developed

for PET imaging of PCa (Fig. 2), such as 1-aminocyclob-

utane-11C-carboxylic acid (11C-ACBC) (Hubner et al.

1981), anti-1-amino-3-18F-fluorocyclobutyl-1-carboxylic acid

(anti-18F-FACBC) (Nye et al. 2007; Oka et al. 2007; Schuster

et al. 2007), 11C-5-hydroxytryptophan (11C-5-HTP) (Kalkner

et al. 1997), N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-

S-[11C]methyl-L-cysteine (11C-DCMC) (Foss et al. 2005),

and N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-4-[18F]

fluorobenzyl-L-cysteine (18F-DCFBC) (Mease et al. 2008).

Three main mechanisms apply to those PET tracers: amino

acids transport (11C-ACBC and anti-18F-FACBC), neuro-

endocrine tumor targeting (11C-5-HTP), and PSMA target-

ing (11C-DCMC and 18F-DCFBC).

Radiolabeled leucine analogs

1-aminocyclobutane-11C-carboxylic acid, a radiolabeled

L-leucine analog, was developed for PET imaging almost

three decades ago (Hubner et al. 1981). This tracer

exhibited good tumor to normal tissue (T/N) ratio, little

renal excretion, and high pancreatic uptake. More than a

decade later, an automated radiosynthesis of 11C-ACBC

was reported (Goodman et al. 1994). Although 11C-ACBC

was demonstrated useful for cancer detection, the short

decay half-life of 11C (* 20 min) is the major drawback

for its clinical use. Therefore, an 18F-labeled ACBC ana-

log, in which 18F replaces a hydrogen atom (i.e., anti-
18F-FACBC), was synthesized and tested for brain tumor

imaging (Shoup et al. 1999). Anti-18F-FACBC has similar

imaging characteristics as 11C-ACBC. However, the sig-

nificantly longer decay half-life of about 110 min allows

sufficient time for incorporation of 18F into the PET tracer.

More importantly, multiple doses can be generated from a

single batch of 18F-labeling, more practical PET imaging

protocols can be implemented, and regional shipment of

the tracer to satellite facilities with PET scanners is also

possible.

In 2007, the potential use of anti-18F-FACBC in PCa

diagnosis was evaluated in a rat orthotopic PCa model

(Oka et al. 2007). Biodistribution studies at 1 h after tracer

injection showed that uptake of anti-18F-FACBC in the

PCa tissue was comparable to that of 18F-FDG. However,

the accumulation of anti-18F-FACBC in the urinary bladder

was more than 20-fold lower than that of 18F-FDG. Thus,

PET imaging with anti-18F-FACBC had significantly better

tumor contrast than 18F-FDG PET, which facilitated the

visualization of PCa tissue in these rats. Further, higher

ratios of PCa to inflammation and PCa to benign prostatic

hyperplasia (BPH) were also observed for anti-18F-FACBC

than 18F-FDG.

Subsequently, the diagnostic efficiency of anti-18F-

FACBC PET in PCa patients was studied (Nye et al. 2007;

Schuster et al. 2007). Patients with a recent diagnosis of

PCa (n = 9) or suspected recurrence (n = 6) underwent

65-min dynamic PET/CT scans of the pelvis after intra-

venous injection of anti-18F-FACBC, followed by static

PET/CT scans (Schuster et al. 2007). It was found that

pelvic nodal status correlated with anti-18F-FACBC PET

findings in seven of the nine patients (77.8%). In all four

patients with proven recurrence, visual analysis of the PET

images was able to identify the PCa lesions. In contrast,
111In-capromab-pendetide, a radiolabeled anti-PSMA
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antibody widely used for PCa diagnosis with SPECT

(Manyak 2008; Sodee et al. 2005), had no significant

uptake in either the nodal or the skeletal foci in three of the

four patients (Fig. 3). Although the tumor uptake dropped

over time, intense, and persistent uptake of anti-18F-FAC-

BC was observed at 65 min post-injection in all six patients

with either lymph node metastases or recurrent prostate bed

carcinoma. Dosimetry studies indicated that injection of

370 MBq (i.e. 10 mCi) of anti-18F-FACBC could give both

good PET image quality and acceptable dosimetry (Nye

et al. 2007).

In a recent case study, anti-18F-FACBC PET was eval-

uated for its potential in assisting radiotherapy planning of

a PCa patient (Jani et al. 2009). Although more patients

will be needed to further validate the results, this pilot

study did demonstrate the feasibility of anti-18F-FACBC

PET in guiding radiotherapy of PCa patients. In general,

these ACBC-based PET tracers exhibited the following

characteristics: high uptake in the PCa tissue but not in the

normal prostate and BPH, low uptake in inflammatory

tissues, and minimal renal excretion which results in low

radioactivity in the bladder. These favorable properties

warrant further clinical investigation of radiolabeled leu-

cine analogs in PCa patients, in particular 18F-FACBC.

Radiolabeled tryptophan analog

The discovery of neuroendocrine differentiation in hor-

mone refractory PCa has opened a potentially new thera-

peutic approach for this group of patients, where very few

effective therapies are available (Kalkner et al. 1997).

Based on the previous findings of increased uptake of
11C-5-HTP in neuroendocrine tumors (Eriksson et al.

1993), this tracer was tested in a study of metastatic hor-

mone refractory PCa (Kalkner et al. 1997). The uptake of
11C-5-HTP was observed in all investigated skeletal

lesions; however, the magnitude of the uptake was mod-

erate. Although the difference between the SUV in normal

bone and metastatic lesions was statistically significant,

the SUV varied between patients, as well as between

lesions over time and treatment. Nonetheless, the ability of
11C-5-HTP in discriminating metastatic lesions from

normal bone may aid in the diagnosis and, potentially, treat-

ment monitoring of metastatic hormone-refractory PCa.

Radiolabeled cysteine analogs

Prostate-specific membrane antigen is expressed in almost

all PCa cells, from primary to metastatic lesions, and

appears to be maximally expressed after androgen with-

drawal (Chang et al. 1999; Silver et al. 1997; Sweat et al.

1998). Imaging agents such as radiolabeled antibodies

which target the PSMA can localize the tumor and thereby

distinguish non-cancer-related abnormalities from malig-

nant lesions (Hinkle et al. 1998; Texter and Neal 1998).

However, the long circulation life-time of radiolabeled

antibodies (usually several days) can affect the T/N ratio

because of significant background signal. Therefore, pep-

tide- and/or amino acid-based PSMA-targeting molecules

are attractive alternatives for PET imaging of PCa.

Fig. 3 Positron emission

tomography imaging of PCa

with 18F-FACBC. Axial PET (a)

and PET/CT (b) images of a

PCa patient, after injection with
18F-FACBC revealed intense

activity in the left external iliac

node (black arrow in a).

SPECT/CT with 111In-

capromab-pendetide (c, d)

exhibited no significant

radioactivity in this region

(white arrow in c). Adapted

from (Schuster et al. 2007)

PET imaging of prostate cancer 15
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Positron emission tomography imaging of xenografted

tumors that overexpress the PSMA was successfully

achieved with an 11C-labeled PSMA inhibitor, 11C-DCMC,

which was reported to bind to the extracellular active

site of PSMA (Foss et al. 2005). At 30 min post-injection,
11C-DCMC showed tumor to muscle ratios of about ten,

with clear delineation of the tumor. Recently, the same

PSMA inhibitor was labeled with 18F (Mease et al. 2008).

Mice bearing both subcutaneous PSMA-positive and

PSMA-negative tumors were injected with 18F-DCFBC for

both ex vivo biodistribution studies and PET imaging

applications. Both experiments showed high uptake of
18F-DCFBC in the PSMA-positive tumors with little to no

uptake in the PSMA-negative tumors (Fig. 4). High

radioactivity was also seen in the kidneys and bladder, due

to the renal excretion of 18F-DCFBC, however the washout

of radioactivity from these organs was faster than from

the PSMA-positive tumors. These results confirmed

that18F-DCFBC localized to PSMA-positive tumors in

mice, permitting non-invasive imaging of PCa with small-

animal PET which makes it an attractive candidate for

further clinical investigation.

Generally speaking, radiolabeled amino acids or their

derivatives can be superior to 18F-FDG and/or radiolabeled

antibodies for imaging primary PCa. However, much fur-

ther optimization and clinical investigation will be needed

before these PET tracers can make a significant impact

on the management of PCa patients. With the exception

of the PSMA-targeting tracers (i.e., 11C-DCMC and 18F-

DCFBC), the abovementioned PET tracers are not PCa

specific because they take advantage of the fact that most

tumors have elevated protein synthesis rate which requires

increased amino acid transport; such processes occur in

almost all cancer types, not only in PCa. More specific PET

tracers need to be developed for imaging PCa-related

molecular and/or cellular events. In the next section, we

will describe the use of peptide-based PET tracers for PCa

imaging.

Radiolabeled peptides for PCa imaging

Radiolabeled peptides have been widely investigated for

PET imaging of various types of cancer and tremendous

progress has been made over the last decade. A classic

example is radiolabeled Arg-Gly-Asp (RGD) peptides and

their derivatives for imaging tumor expression of integrin

avb3, a cell-adhesion molecule that plays important roles

during tumor angiogenesis and metastasis (Cai and Chen

2006; Cai et al. 2008a). 18F-labeled RGD peptides have

entered phase-I clinical trials in many cancer types and

been proven to be safe, metabolically stable, and retained

in the tumor tissue (Cai et al. 2008a). Many other peptides

have also been investigated for cancer imaging, such as

somatostatin analogs (e.g., octreotide and pentetreotide

which are well studied for the imaging of neuroendocrine

tumors) (Froidevaux and Eberle 2002; Lewis and Anderson

2007), minigastrin (which targets the cholecystokinin-2

receptors) (Reubi 2007; Reubi and Maecke 2008), neuro-

peptide-Y analogs (Zwanziger et al. 2008), among others.

Despite the success achieved by the abovementioned

radiolabeled peptides, their applications in PCa imaging

have not been satisfactory, largely due to the many

characteristics of primary PCa such as comparatively low

metabolism and different receptor expression level

(Agrawal et al. 2009; Apolo et al. 2008; Bouchelouche

and Oehr 2008). For example, 18F-labeled RGD peptides

(including multimeric RGD peptides which have high

affinity for integrin avb3) had only moderate uptake in the

PCa tumors, presumably because of the insufficient

expression level of integrin avb3 in the PCa tissue (Zhang

et al. 2006b). Therefore, choosing the right molecular

Fig. 4 Serial PET images of

mice bearing both PSMA-

positive and PSMA-negative

tumors after intravenous

injection of 18F-DCFBC.

L liver, K kidney, B bladder.

Adapted from (Mease et al.

2008)
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targets which are expressed at high levels in the PCa

tissue is critical to the success of peptide-based imaging

of PCa. Currently, the most popular candidates are the

bombesin (BBN) peptides and their derivatives which can

bind to the GRPR (Ananias et al. 2008).

Gastrin-releasing peptide receptor is a glycosylated,

7-transmembrane G protein-coupled receptor in mammals

(Ananias et al. 2008; Cornelio et al. 2007). Studies have

shown that it is massively over-expressed in several human

tumors, in particular breast cancer and PCa (Gugger and

Reubi 1999; Markwalder and Reubi 1999). On the other

hand, GRPR expression in benign prostate tissues ranged

from low to non-detectable (Bartholdi et al. 1998;

Markwalder and Reubi 1999), which makes it an attractive

target for PCa imaging. Various approaches have been

explored for imaging GRPR expression in vivo. Gastrin-

releasing peptide (GRP) binds to GRPR with high affinity,

however, BBN peptide (originally isolated from the skin of

a type of frog) is typically used for imaging applications

(Ananias et al. 2008). The BBN peptide, consisting of 14

amino acids (Fig. 5a), was first reported in 1970 (Erspamer

et al. 1970). The GRP and BBN peptides share an identical

C-terminal region, consisting of seven amino acids, which

is necessary for GRPR binding (McDonald et al. 1979).

Therefore, the truncated sequence, BBN(7-14) (Fig. 5b),

was also often used for imaging applications.

Most BBN derivatives are agonists for GRPR, which are

internalized after receptor binding. It is generally believed

that tumor uptake of an agonist-based tracer will be higher

than that of an antagonist-based tracer (which does not get

internalized), because the agonist-based tracer can be

trapped inside the cell. However, the binding affinity of the

ligand to the receptor also plays a critical role, and tumor

cell uptake of antagonists can be much higher because of

their stronger binding to the receptor (Cescato et al. 2008).

Further studies need to be carried out to determine which

factor is more important for the tumor-targeting efficacy,

because internalization is just one of the many factors that

can affect the tumor cell uptake of the tracer. BBN deriv-

atives have mainly been labeled with three isotopes for

PET imaging of PCa: 64Cu (half-life 12.7 h), 18F, and 68Ga

(half-life 68 min).

64Cu-labeled BBN analogs

64Cu-labeled BBN derivatives, both the full-length BBN

peptide and its truncated form, have been reported. In an

early study, the potential of 64Cu-DOTA-Aoc-BBN(7-14)

(DOTA denotes 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid and Aoc denotes aminooctanoic acid,

respectively) for PET imaging of GRPR-positive PCa was

investigated (Rogers et al. 2003). This tracer exhibited

rapid internalization into PCa cells, as well as good tumor

localization capability in vivo. However, the uptake of the

tracer in the liver, kidneys, pancreas, and intestine was also

high, resulting in a low T/N ratio. Although an excess

amount of unlabeled BBN peptide could block the tracer

uptake in the PCa tumor and the pancreas, which confirmed

GRPR specificity of the tracer in these tissues in vivo,

uptake in the liver was not blocked which was likely due to

trans-chelation of 64Cu to other proteins such as albumin

(Rogers et al. 1996).

One study investigated the importance of various ali-

phatic linkers between the BBN analog and the DOTA

chelator to the imaging characteristics of the tracer (Parry

et al. 2007). It was concluded that the use of amino acid

linkers (combinations of glycine, serine, and/or glutamic

acid) between the DOTA chelator and the BBN analog

Fig. 5 Chemical structures of

BBN (a) and its truncated

derivative, BBN(7-14) (b)

PET imaging of prostate cancer 17

123



could reduce non-specific tissue uptake, while maintaining

good PCa uptake of the tracer. The same BBN(7–14)

peptide has been labeled with 64Cu using a different che-

lator, NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid),

to improve the T/N ratio (Prasanphanich et al. 2007). In

vivo studies of 64Cu-NOTA-Aoc-BBN(7-14) in PC-3

mouse models indicated very high affinity of the tracer for

GRPR. Further, minimal accumulation of radioactivity in

the liver (1.6 ± 0.4 percentage injected dose per gram of

tissue [%ID/g] at 1 h post-injection) suggested rapid renal

excretion and excellent in vivo stability of this tracer, with

little dissociation of 64Cu from the NOTA chelator in vivo.

Such effect was then explored with another chelator for
64Cu-labeling, CB-TE2A (1,4,8,11-tetrazazbicyclo[6.6.2]

hexadecane-4,11-diacetic acid) (Garrison et al. 2007). The

further improved T/N ratio and significantly faster clear-

ance of the tracer confirmed that the choice of the chelator

is important for successful PET imaging with 64Cu-labeled

BBN analogs. Recently, another chelator, 2-[4,7-bis(2-

pyridylmethyl)-1,4,7-triazacyclononan-1-yl]acetic acid,

was also reported for 64Cu-labeling (Gasser et al. 2008).

However, no in vivo imaging data are available yet.

All the abovementioned tracers were based on the

truncated BBN rather than the complete sequence. In 2004,
64Cu-labeled [Lys3]BBN, the complete sequence with all

14 amino acid residues, was reported for PET imaging of

GRPR expression in PCa models (Chen et al. 2004). Tissue

biodistribution, small-animal PET, and whole body auto-

radiography studies of the tracer were investigated in both

the androgen-independent PC-3 and androgen-dependent

CRW22 tumors. It was found that PC-3 tumor uptake of the

tracer (5.6 ± 0.1 %ID/g at 30 min post-injection) was

more than threefold higher than that of the CWR22 tumor

(1.8 ± 0.1 %ID/g), which appeared to be mostly non-

specific. Significant accumulation of radioactivity in the

pancreas (GRPR positive) was also observed. PET imag-

ing, after intravenous injection of 64Cu-DOTA-[Lys3]BBN,

of mice bearing both subcutaneous PC-3 and CWR22

tumors exhibited good T/N contrast, which was confirmed

by autoradiography (Fig. 6a).

To investigate whether the C-terminal truncated form of

BBN [i.e., BBN(7-14)] or the full-length version is more

suitable for GRPR targeting in vivo, the receptor-binding

affinity, metabolic stability, tumor-targeting efficacy, and

pharmacokinetics of 64Cu-DOTA-Aca-BBN(7-14) were

compared with 64Cu-DOTA-[Lys3]BBN in a follow-up

study (Yang et al. 2006). It was found that the full-length

BBN had higher GRPR affinity in vitro, better metabolic

stability, superior tumor contrast, as well as more promi-

nent tumor uptake in vivo. In another report, DOTA-

[Pro1,Tyr4]BBN was investigated for PET imaging of PCa

with both 64Cu and 86Y (Biddlecombe et al. 2007). Inter-

estingly, the 86Y-labeled peptide exhibited better PET

image quality in all the PCa models tested in this study for

the delineation of GRPR-positive tumors. This finding

deserves further investigation.

18F-labeled BBN analogs

Being the most widely used radionuclide for PET, 18F is the

ideal isotope for labeling small biologically active peptides

(Okarvi 2001). Over the last decade, a number of prosthetic

groups have been explored for 18F-labeling of peptides

(Cai et al. 2008a). In one study, both [Lys3]BBN and

Aca-BBN(7-14) were labeled with 18F (Zhang et al. 2006a).

These tracers showed rapid internalization into PC-3 cells.

However, a rapid efflux of both tracers also occurred, which

is quite different from the 64Cu-labeled BBN analogs. Both

tracers exhibited rapid blood clearance and the 18F-labeled

[Lys3]BBN had predominant renal excretion while the
18F-labeled Aca-BBN(7-14) exhibited both hepatobiliary

and renal clearance. Dynamic small-animal PET imaging

studies revealed that the PC-3 tumor uptake of 18F-labeled

[Lys3]BBN was much higher than that of 18F-labeled Aca-

BBN(7-14) at all time points examined. More importantly,

the 18F-labeled [Lys3]BBN was also able to visualize

Fig. 6 Positron emission tomography imaging of GRPR expres-

sion in PCa models. a Left: a coronal PET image of a PC-3 and

CWR22 tumor-bearing mouse at 1 h post-injection of 64Cu-DOTA-

[Lys3]BBN. Right: digital autoradiograph of the mouse tissue section

containing the tumors. b Decay-corrected whole body coronal PET

images of PC-3 tumor-bearing mice at 30 min post-injection of
18F-FB-BBN-RGD, 18F-BBN, or 18F-RGD. Tumors are indicated by

arrowheads. Adapted from (Chen et al. 2004; Li et al. 2008)
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orthotopic PC-3 tumor at early time points (between 10 and

30 min) after tracer administration, during which minimal

urinary bladder radioactivity was present to interfere with

the receptor-mediated tumor uptake.

Recently, a dual-receptor targeting heterodimer, formed

by linking a GRPR targeting ligand and an integrin avb3

targeting ligand, was synthesized to increase the PCa tumor

uptake and T/N ratios (Li et al. 2008). It was hypothesized

that because of its dual-receptor targeting capability, a

tracer recognizing both GRPR and integrin avb3 will be

more advantageous than the tracers based on either ligand

alone. The BBN-RGD heterodimer was synthesized from

BBN(7-14) and c(RGDyK) with a glutamate linker, which

was then labeled with 18F (Li et al. 2008). The 18F-labeled

heterodimer, 18F-FB-BBN-RGD, had comparable integrin

avb3-binding affinity with c(RGDyK) and similar GRPR-

binding affinity as BBN(7-14). In vivo, 18F-FB-BBN-RGD

had significantly higher PC-3 tumor uptake, as well as

better PET image quality, than both the monomeric RGD-

based and monomeric BBN(7-14)-based tracers (Fig. 6b).

However, there are two major limitations of this study:

first, two products were formed during the synthesis of the

heterodimer (i.e., BBN-RGD and RGD-BBN) which were

not separable; second, the radiolabeling yield was quite

low, presumably due to the steric hindrance.

To overcome these limitations, the researchers subse-

quently improved the synthesis of the heterodimer by

adopting the solid-phase peptide synthesis method (Liu et al.

2009b). Further, a spacer (11-amino-3,6,9-trioxaundecanoic

acid) was incorporated at the a-amino group of the glutamate

to increase the yield of 18F-labeling, as well as to improve the

pharmacokinetics. Both goals were indeed achieved in this

study with the PC-3 tumor model. It was also suggested that

this dual-receptor targeting strategy may provide a general

method for developing peptide-based imaging and thera-

peutic agents with improved in vivo characteristics. The

explanation for the superior performance of the heterodimer

over the analogous monomers was that if one ligand disso-

ciates from its receptor, the other ligand is in close proximity

and can bind to the other receptor closeby; such phenomenon

is similar to the polyvalency effect observed for oligomeric

peptides over the analogous monomers (Mammen et al.

1998). However, the key question of whether such hetero-

dimerization is more advantageous than homodimerization

remains unanswered. A direct comparison of the radiola-

beled BBN-RGD and analogous dimeric BBN, as well as

dimeric RGD peptides, will be needed in future studies to

elucidate this aspect.

68Ga-labeled BBN analogs

The recent introduction of 68Ga into clinical practice ushers

in a new era of PET tracer development which is not

dependent on an onsite cyclotron (Al-Nahhas et al. 2007).
68Ga can be generated from a 68Ge/68Ga generator and

allows possible kit formulation for routine clinical use.

More importantly, it has a high positron yield (89%) which

is desirable for PET imaging. In one report, a 68Ga-labeled

BBN derivative was investigated (Zhang et al. 2007). This

tracer had high affinity and specificity for GRPR, resulting

in high uptake in the tumor and the pancreas. Low uptake

of the tracer in the liver and fast urinary clearance, which is

unfavorable for imaging primary PCa however, gave high

T/N ratio. The major disadvantage of this tracer is the

relatively high intestinal activity, which severely limits its

potential clinical applications. Recently, 68Ga was also

used to label the abovementioned dual-receptor targeting

heterodimer, BBN-RGD, with NOTA as the chelator (Liu

et al. 2009a). The dual-receptor targeting capability of
68Ga-NOTA-BBN-RGD was again demonstrated in

the PC-3 tumor model. One undesirable property of
68Ga-based tracers is the high energy of the positron, which

has longer positron range than other PET isotopes (e.g., 18F and
64Cu) and compromises the spatial resolution of the PET

image (Levin and Hoffman 1999; Phelps et al. 1975).

Radiolabeled BBN peptide and its derivatives have

provided much insight into the biological nature of PCa

over the last decade. Among the BBN-based tracers

described above, 18F-labeled BBN derivatives perhaps

have the brightest future in the clinic. However, they are

more suitable for imaging metastatic PCa rather than pri-

mary PCa, since renal clearance of these tracers is a major

concern. Besides these widely used BBN derivatives, other

peptides may also be useful for PCa imaging. Recently,
11C-glycylsarcosine was reported to be capable of targeting

the H?/peptide transporter (Mitsuoka et al. 2008), which is

functionally expressed in many cancer cell lines including

PCa, but not in inflammatory tissues. This tracer may be

advantageous over 18F-FDG in certain scenarios of cancer

imaging, since 18F-FDG uptake in the inflammatory tissue

has long been a major limitation that hampers its sensitivity

and specificity (Zhuang et al. 2005).

Phage display and other high-throughput screening

technology may give rise to novel PCa-specific peptides

that can be radiolabeled for PET imaging of PCa in the

future (Brissette and Goldstein 2007; Landon et al. 2004;

Uttamchandani and Yao 2008). For example, one such

peptide (DUP-1) has been identified with phage display and

tested for PCa imaging (Zitzmann et al. 2005). To generate

PET tracers with better metabolic stability, the ‘‘Achilles’

heel’’ of most naturally occurring peptides, peptoids

(N-substituted glycines) deserve much research effort in

the future. Peptoids are closely related to natural peptides,

but differ chemically in that the side chains are appended to

the nitrogen atoms along the molecule’s backbone, which

makes them highly resistant to enzyme degradation in vivo

PET imaging of prostate cancer 19
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(Udugamasooriya et al. 2008). Lastly, antibody and anti-

body fragments are also attractive alternatives for PET

imaging of PCa because of their high affinity and speci-

ficity to the corresponding antigen(s).

Radiolabeled antibodies for PET imaging of PCa

The most extensively studied antigen in PCa for antibody-

based imaging is the PSMA, a 120-kDa transmembrane

type II glycoprotein (Sweat et al. 1998). To date, the

physiological function of PSMA remains unclear although

it is generally believed that it may be involved in the

metastatic process. Studies have shown that PSMA

expression in normal prostatic tissues is less than that in the

malignant prostate and its metastases (Carter et al. 1996).

Radiolabeled antibodies against PSMA have been used in

the clinic for the diagnosis of PCa and an 111In-labeled

monoclonal antibody, capromab-pendetide, has been

extensively evaluated for SPECT imaging applications

(Sodee et al. 2005). It is primarily used for the detection of

advanced, recurrent PCa and lymph node metastases.

However, the clinical utility of capromab-pendetide is

highly debated due to its low sensitivity (* 70%) caused

by slow tumor uptake and poor clearance rate from the

blood (Brassell et al. 2005). Another major disadvantage of

capromab-pendetide is that it recognizes an intramembrane

epitope of the PSMA, which severely limits its utility in

detecting viable cells within the PCa tissue (Barren et al.

1997).

Another antibody that recognizes the extracellular

domain of the PSMA has been designed and investigated

for localization and staging of PCa (Nargund et al. 2005).

However, to the best of our knowledge, no PET isotope-

labeled anti-PSMA antibody has been reported for PCa

imaging to date. In fact, very few reports of radioimmu-

noPET of PCa exist in the literature. All these radioim-

munoPET studies were carried out in the pre-clinical stage

with mouse models, most of which targeted antigens that

are not specific for PCa. For example, a chimeric mono-

clonal antibody that binds phosphatidylserine was labeled

with 74As (half life 17.5 days) for PET imaging of PCa in a

rat model (Jennewein et al. 2008). Antibodies against

integrin avb3 or EphA2, respectively, have also been

labeled with 64Cu and tested in a number of tumor models

including PCa (Cai et al. 2006, 2007b). The two studies

related to another antigen that is not PCa specific, the

epidermal growth factor receptor (EGFR), deserve some

attention.

Epidermal growth factor receptor is a 170-kDa cell

surface protein overexpressed in many epithelial cancers

including PCa (Cai et al. 2008b; Niu et al. 2008b). The

dysregulation of EGFR is associated with several key

features of cancer, such as autonomous cell growth, inhi-

bition of apoptosis, angiogenic potential, invasion, and

metastases (Normanno et al. 2006; Schlessinger 2000). We

reported the first quantitative PET imaging of EGFR

expression in xenograft-bearing mice using 64Cu-labeled

cetuximab, a chimeric anti-EGFR monoclonal antibody

(Cai et al. 2007a). Using seven xenograft tumor models, the

tumor uptake of 64Cu-DOTA-cetuximab measured by PET

was correlated with the EGFR expression level quantified

by Western blotting (Fig. 7). A good linear correlation

(R2 = 0.80) was observed between the 64Cu-DOTA-ce-

tuximab uptake and the EGFR expression level at 48 h

post-injection, when the tumor uptake reached a plateau.

This study laid the foundation for quantitative, non-inva-

sive monitoring of the therapeutic effect of certain

molecular therapies that can modulate the EGFR expres-

sion level.

In the follow-up study, the EGFR response to an Hsp90

inhibitor, 17-AAG (17-allyamino-17-demethoxygeld-

anamycin), was non-invasively evaluated with 64Cu-DOTA-

cetuximab in the PC-3 tumor model (Niu et al. 2008a). The

Fig. 7 Quantitative PET imaging of EGFR expression in various

tumor models including PCa. a Small-animal PET images of seven

xenograft tumor models at 48 h post-injection of 64Cu-DOTA-

cetuximab. Decay-corrected whole body coronal images are shown

and the tumors are indicated by arrowheads. b Correlation of EGFR

expression level (measured by Western blotting) and the %ID/g

values (measured by microPET scans) of different tumors at 48 h

post-injection. Adapted from (Cai et al. 2007a)
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activity of Hsp90 promotes the attainment and maintenance

of proper conformation of its clients, including EGFR and

AR which are important for mediating PCa progression

(Lattouf et al. 2006; Solit et al. 2003). Nude mice bearing

PC-3 tumors were injected intraperitoneally with 17-AAG

and then imaged with small-animal PET after intravenous

injection of 64Cu-DOTA-cetuximab. It was found that
64Cu-DOTA-cetuximab had prominent tumor activity

accumulation in untreated tumors (14.6 ± 2.6 %ID/g) but

significantly lower uptake in 17-AAG-treated tumors

(8.9 ± 1.6 %ID/g) at 24 h post-injection. Successful mon-

itoring of the early response to anti-Hsp90 therapy can be

invaluable for accurately assessing the therapeutic response

of EGFR-positive PCa patients in the clinic.

Besides the abovementioned reports which focused on the

‘‘universal’’ targets of cancer, the 124I-labeled 1G8 mono-

clonal antibody against the PSCA is more PCa specific

(Olafsen et al. 2007). PSCA is a cysteine rich, glycosyl-

phosphatidylinositol-anchored surface glycoprotein which

is overexpressed in PCa (including the hormone-refractory

disease), highly suitable for antibody- or antibody fragment-

mediated imaging and/or therapeutical applications (Gu

et al. 2000; Reiter et al. 1998). In this study, the murine

version of 1G8 was labeled with 111In for SPECT imaging

and the humanized version was labeled with 124I for PET

imaging of PCa, respectively (Olafsen et al. 2007). Specific

tumor targeting for 124I-hu1G8 to PC-3-PSCA xenografts

was observed, which supported further development of

hu1G8 for targeted imaging and therapy for PCa.

Radiolabeled antibody fragments for PET imaging

of PCa

Despite the fact that intact antibodies have high affinity

and specificity for tumor-associated antigens, they suffer

significantly from long circulation half lives. Owing to

the high background signal in the blood pool, PET scans

of intact antibody-based tracers are typically carried out

at 1 day or several days after injection. To solve this

problem, engineered antibody fragments with appropriate

pharmacokinetic properties have been developed. These

fragments, in particular diabodies and minibodies, can

also be bivalent and retain the antigen-binding affinity,

but with much faster clearance rate from the blood.

Diabodies are the dimeric forms of scFv with molecular

weight of about 55 kDa, while minibodies are scFv-CH3

dimer with molecular weight of about 80 kDa (Fig. 8)

(Cai et al. 2007c; Filpula 2007; Wu and Senter 2005).

Both types of antibody fragment have been demonstrated

to possess improved pharmacokinetics over intact

antibodies and exhibit high T/N ratios at early time

points, which are highly desirable for PET imaging

applications.

The available literature of both minibody- and diabody-

based PET imaging of PCa targeted the same antigen: the

PSCA (Leyton et al. 2008, 2009). Previous preclinical

investigations have confirmed the usefulness of 1G8 and

hu1G8, the murine and humanized monoclonal antibody

against PSCA respectively, for localizing specifically to

Fig. 8 Positron emission

tomography imaging of PSCA

expression with engineered

antibody fragments. a Serial

coronal small-animal PET

projections of a mouse bearing

a PCa xenograft (indicated by

‘‘plus sign’’) injected with

a 124I-labeled anti-PSCA

minibody. B bladder. b Serial

coronal small-animal PET

images of PCa tumor-bearing

mice, after administration of

a 124I-labeled anti-PSCA

diabody. Plus sign indicates

PSCA-positive tumor; minus
sign indicates PSCA-negative

tumor. Adapted from (Leyton

et al. 2008, 2009)
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PSCA-positive tumors (Olafsen et al. 2007). A hu1G8-

based minibody was engineered for PET imaging of PCa in

xenograft models upon 124I-labeling (Leyton et al. 2008).

Rapid clearance from the blood and non-targeted tissues

was observed and both androgen-dependent and androgen-

independent tumors were clearly delineated as early as 4 h

post-injection, with further improved image contrast at

21 h post-injection (Fig. 8a).

Positron emission tomography imaging results with the

diabody, engineered from the same parent antibody, were

also encouraging (Leyton et al. 2009). With nanomolar

affinity to the antigen (i.e., PSCA), the diabodies were

radioiodinated with 124I and evaluated by serial small-

animal PET imaging in mice bearing human PCa xeno-

grafts. Localization of the tracer in the tumor was seen at

4 h post-injection, whereas at 20 h most of the radioac-

tivity had cleared from the tumor (Fig. 8b). Such phe-

nomenon is likely due to the internalization and

degradation of the radiolabeled diabody, since free 124I can

diffuse virtually freely through the cell membrane and is

thus cleared rapidly.

The advantages and disadvantages of PCa imaging and

therapeutic agents based on the intact antibodies and

antibody fragments deserve further investigation. For

primary PCa, the low/no renal clearance of intact anti-

bodies (the molecular weight of 150 kDa is well above

the renal clearance cut-off, typically 60 kDa) is a plus

for imaging applications, provided that the optimal

antigen/antibody pair can be identified. Further, the high

absolute tumor uptake of intact antibody-based agents

also makes them more suitable for PCa-targeted therapy

(e.g., radio immunotherapy and drug delivery). Engi-

neered antibody fragments typically undergo partial renal

clearance, which can dampen the enthusiasm for their

applications in primary PCa imaging. For PET imaging

of metastatic PCa, there are different requirements since

radioactivity in the bladder is not a concern. Thus,

suitably engineered antibody fragments are certainly

more appropriate. The possibility of labeling small anti-

body fragments with the widely available 18F can also

allow for broad use of well-validated PET tracers in

future clinical studies.

Pre-targeting is another strategy worth exploring to

improve T/N ratio for PET imaging of PCa (Sharkey et al.

2005). Typically, a bispecific antibody is used for pre-

targeting. A certain waiting period is needed for the first

agent to clear from the circulation and reach the tumor site.

After that, a second agent is administered which will target

and bind to the first agent, thus giving excellent tumor

contrast when the system is designed properly. The dis-

advantage of pre-targeting is that it is much more complex

than imaging with a single PET tracer thus is more difficult

to translate into the clinic.

Conclusion and future perspectives

Because 18F-FDG PET does not meet the clinical need for

PCa imaging, a wide variety of PET tracers have been

developed over the last decade. These tracers span an

enormous size range, including small molecules (a few

hundred Dalton), single amino acids (100–200 Da), pep-

tides (typically 1–2 kDa), antibody fragments (50–

100 kDa), and intact antibodies (* 150 kDa). Many of

these agents have entered clinical trials. Each class of these

PET tracers has unique advantages and disadvantages as

previously discussed in this review. For small-molecule-

based PET tracers, 18F-choline and 18F-FDHT seem to be

the most promising for PCa imaging. Among the amino

acid-based PET tracers, the results from 11C-methionine

are the most encouraging. For peptide-based tracers, BBN

peptide and its derivatives are the mainstay and the

development/validation of new homodimeric/hetero-

dimeric peptide-based PET tracers deserves much further

effort. PET imaging of PCa with antibody- or antibody

fragment-based tracers are relatively rare, partly due to the

lack of suitable antigen–antibody (fragment) pairs.

To generate a clinically useful PET tracer for PCa

imaging, many properties need to be considered simulta-

neously, such as the right PET isotope to be used (e.g., 18F

is more suitable for peptide and amino acid labeling while

long-lived isotopes, such as 74As, are more suitable for

antibody labeling), high-metabolic stability (e.g., non-

naturally occurring peptoids are more desirable than peptides

for tracer development), suitable pharmacokinetic properties

(e.g., fast blood clearance), low non-specific accumulation in

normal tissues (e.g., appropriate hydrophilicity and molec-

ular weight of the tracer), and high-tumor uptake (e.g.,

agonist vs. antagonist; high affinity/specificity to the target).

One aspect that is often overlooked is the high radiolabeling

yield, the key requirement for broad future use of any

PET tracer in the clinic. Continuous optimization of the

radiochemistry certainly deserves due effort.

There are two critical needs for PET imaging of PCa,

with the first being accurate early detection of primary

lesions. When diagnosed early, the 5-year survival rate of

PCa is almost 100% (Otto and de Koning 2004). In the

1990s, the discovery of PSA dramatically improved the

early detection of PCa and it has become an indispens-

able marker for diagnosis and follow-up of PCa patients.

However, PSA is not cancer specific which results in

significant numbers of false-positive cases (Schroder

et al. 2008; Thompson and Ankerst 2007). New markers

that better differentiate benign from malignant lesions

and indolent from aggressive PCa are needed to decrease

the potential overtreatment of PCa patients. Besides

identifying novel blood biomarkers, identification of

molecular markers that are upregulated during the early
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stages of malignancy, using the genomic and proteomic

approach, is very important for the development of novel

PET tracers for early detection of PCa. For patients that

have not been diagnosed with PCa, the aim of PET

imaging is to distinguish PCa from benign tissue which

can either justify a biopsy or estimate the risk that PCa

will develop.

Second, accurate PET imaging of PCa bone metastasis

will revolutionize PCa patient management. Bone metas-

tases represent the predominant manifestation for most

patients and the primary cause of morbidity and mortality

in PCa (Logothetis et al. 2008; Pinski and Dorff 2005).

For patients with metastatic PCa, the aim of PET imaging

is several fold: to determine whether patients can be

selected for a particular therapy based on the tumor

biology or whether the presence of certain signaling

pathways can predict the outcomes; to determine the pre-

treatment extent of disease; and to follow post-treatment

effects from therapeutic intervention. To date, there is no

generally accepted means for such applications. Most

peptide-based PET tracers do not show obvious advantage

over 18F-FDG in detecting bone metastasis with the

exception of 11C-methionine. 18F-FDHT has been repor-

ted to localize to tumor sites in a small number of met-

astatic PCa patients (Larson et al. 2004). The ideal PET

tracer(s) for imaging of PCa bone metastasis remain to be

developed in the future.

Positron emission tomography imaging alone may not

be sufficient for monitoring the therapeutic efficacy of PCa.

The combination of ex vivo diagnostics and in vivo PET

imaging can markedly impact PCa patient management by

providing a synergistic approach that neither strategy alone

can offer. Patients can have their tumors biopsied and

blood samples drawn for protein profiling by ex vivo

methods to predict their response to a given therapy. In

addition, they may also be imaged with suitable PET

tracers to predict their response. Post-treatment and

potentially during treatment, patient response can be

evaluated by both blood analysis and molecular imaging to

ensure the accurate differentiation of responders from non-

responders. Upon further development and optimization/

validation, a combination of such ex vivo and in vivo

approaches will eventually be able to predict which

patients will likely respond to a given therapy and monitor

their response to personalized PCa management. The

combination of molecular (e.g., PET) and anatomical/

functional (e.g., CT and MRI) imaging modalities will be a

powerful tool. The active involvement and interactions

among academic researchers, clinicians, pharmaceutical

industries, and government agencies are needed to enable

rapid first-in-human evaluations and subsequent clinical

trials of the most promising PET tracers, thereby ushering

in a new era of personalized medicine for PCa patients.
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