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Abstract. Positron emission tomography (PET) provides a powerful means to non-invasively image and quantify protein expres-
sion and biochemical changes in living subjects at nano- and picomolar levels. As the field of molecular imaging develops, and
as advances in the biochemistry, pharmacology, therapeutics, and molecular biology of disease are made, there is a corresponding
increase in the number of clinically relevant, novel disease-associated biomarkers that are brought to the attention of those
developing imaging probes for PET. In addition, due to the high specificity of the PET radiotracers being developed, there is a
demand for PET cameras with higher sensitivity and resolution. This manuscript reviews advances over the past five years in
clinical and pre-clinical PET instrumentation and in new PET probes and imaging methods associated with the latest trends in
the molecular imaging of cancer. Included in the PET tracer review is a description of new radioligands for steroid receptors,
growth factor receptors, receptor tyrosine kinases, sigma receptors, tumor-associated enzymes, gene reporter probes, markers for
tumor hypoxia and metabolism, and sites associated with angiogenesis and cellular proliferation. The use of PET imaging in
drug development, including the monitoring of cancer chemotherapy, also is discussed.

1. Introduction

With respect to other imaging modalities, positron
emission tomography (PET) provides a most sensitive
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and powerful means to quantify protein expression and
biochemical changes non-invasively in living subjects
at nano- and picomolar concentrations. The entities
evaluated by PET include, but are not limited to, recep-
tors, enzymes, transporters, ion channels, mRNA, and
specific substrate-associated sites such asβ-amyloid
plaques found in Alzheimer’s disease. As the field of
molecular imaging develops, and as advances in the
biochemistry, pharmacology, therapeutics, and molec-
ular biology of disease are made, there is a correspond-
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ing increase in the number of clinically relevant, novel
disease-associated biomarkers that are brought to the
attention of those developing imaging probes for PET.
In addition, due to the high specificity of the PET ra-
diotracers being developed, there is a demand for PET
cameras with higher sensitivity and resolution. This
manuscript reviews advances over the past five years
in clinical and pre-clinical PET instrumentation and in
new PET probes and imaging methods associated with
the latest trends in the molecular imaging of cancer. In-
cluded in the PET tracer review is a description of new
site-specific radioligands targeted to steroid receptors,
sigma receptors, tumor-associated enzymes, receptor
tyrosine kinases, growth factor receptors, gene reporter
probes, markers of tumor hypoxia and metabolism, and
sites associated with angiogenesis and cellular prolif-
eration. The use of PET imaging in drug development,
including the monitoring of cancer chemotherapy, also
is discussed. While the text mainly is focused on tech-
nical advances in the field of tumor imaging by PET,
specific examples of clinical studies also are provided
where a significant point can be proven.

2. Technical advances in small-animal and human
PET scanners

2.1. Pre-clinical applications and small-animal
imaging

2.1.1. Current state of the art
Since the development of the first PET scanners

about three decades ago, there have been dramatic ad-
vances in detector technology and imaging method-
ology that now make it possible to obtain three-
dimensional (3D) images of the time course and dis-
tribution of radiolabeled probesin vivo. Biomedical
research studies in animal models can be conducted us-
ing clinical PET scanners designed for human use. Al-
though some useful biological data can be collected in
rats using these instruments, most studies are restricted
to larger animals such as non-human primates (brain)
and dogs or pigs (heart), and sometimes rabbits or cats,
due to limitations in spatial resolution and sensitivity.
The most recent breed of high-resolution research to-
mographs (HRRT) dedicated to brain imaging, which
achieves a spatial resolution below 2.5 mm, meets some
of the challenges raised by imaging small laboratory
animals such as rats. However, the limited accessibility
and inadequate environment of clinical settings for an-
imal experiments prevent widespread utilization of hu-

man PET devices for pre-clinical studies. These limita-
tions have brought several groups of researchers world-
wide to develop PET scanners and establish facilities
designed specifically for small-animal imaging.

Initial attempts to develop dedicated animal scan-
ners were based on the block detector technologies cur-
rently employed in clinical PET cameras. Scanners
developed by Hamamatsu in Japan [1], at the Univer-
sity of California, Los Angeles (UCLA) [2], and at In-
diana University [3] offered relatively large axial and
transaxial fields of view (FOV), which were sufficient
to accommodate the brain of non-human primates or
the chest of dogs. These systems achieved a transax-
ial resolution in the range of 2.6–3.8 mm. The devel-
opment of a smaller size system targeted specifically
for rodent imaging at Hammersmith Hospital made it
possible to reach a resolution of 2.4 mm [4]. Success-
ful basic and pre-clinical research programs have been
developed around these instruments, demonstrating for
the first time the potential utility of small dedicated PET
scanners for biomedical research. However, due to the
asymmetric shape of individual crystal elements in the
block detectors, the axial resolution was significantly
worse, resulting in volumetric resolutions (transaxial
resolution2× axial resolution) of∼ 25 µl or more. Due
to the large depth of the crystals, the smaller diameter
systems designed to enhance sensitivity also suffered
from a non-uniform resolution that degrades rapidly
away from the center of the FOV.

These pioneering works triggered a large number of
innovative ideas focused on developing more appro-
priate detector technologies and scanner configurations
for imaging rats and mice, the preferred animals for
biomedical research. The challenge was to find ways
to improve spatial resolution to the level required to
resolve organs in these small animals, while achiev-
ing an adequate sensitivity for receptor imaging, and
count-rate capabilities suitable for dynamic imaging of
radiotracer biodistribution in pharmacokinetic studies.
The cost of the scanners also needed to be low enough
to remain competitive with other emerging imaging
modalities for small-animal research [5–8].

Taking advantage of the capability of new position-
sensitive and multi-channel photomultiplier tubes
(PMTs), several novel detector schemes have been ex-
plored. These include thin continuous plates of sodium
iodide (NaI(Tl)) or lutetium oxyorthosilicate (LSO)
scintillators, 2D arrays of bismuth germanate (BGO)
and LSO crystals, and linear arrays of 1-mm wide LSO
coupled to position-sensitive PMTs, which allowed a
spatial resolution down to less than 2 mm to be achieved
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over a reduced FOV. A system implementing the mea-
surement of the depth-of-interaction (DOI) using dual-
crystal LSO/gadolinium orthosilicate (GSO) phoswich
detectors to improve resolution uniformity across the
FOV recently was built at the National Institutes of
Health (NIH) [9]. Two systems have been built based
on yttrium aluminum perovskite (YAP), a very bright
but low-density scintillator [10,11]. Using arrays of 2×
2 mm cross-section crystals coupled to large position-
sensitive PMTs, an isotropic spatial resolution of close
to 2 mm (∼ 9 µl) was achieved. Interestingly, a very
low energy threshold was advocated to accept the first
Compton interaction events in order to compensate for
the poor detection efficiency of YAP without sacrific-
ing spatial resolution [12]. All of the above systems,
consisting of opposite banks of detectors mounted on
gantries that allow variable separation to accommodate
animals of different sizes, are very flexible, relatively
inexpensive, and achieve a high spatial resolution suit-
able for tumor imaging in rat models. Unfortunately,
this is obtained at the expense of a poor sensitivity and
serious limitations for fast dynamic studies due to the
incomplete ring configuration that requires the detec-
tors (or the imaged subject) to be rotated to acquire
complete tomographic data sets.

The physical size of presently available PMTs, with
their bulky glass or metal envelope, actually pre-
vents implementation of the continuous (or quasi-
continuous) cylindrical configuration required to pro-
vide simultaneous acquisition of tomographic data over
all incidence angles. Alternative detector technologies
had to be sought in order to allow full angular coverage
while satisfying the other requirements of small-animal
PET imaging. The solution retained by researchers at
UCLA to uncouple the scintillation crystals from the
bulky PMTs was to use optical fibers to transport the
scintillation light from individual 2× 2 mm LSO scin-
tillators in a compact 8× 8 crystal array to a distant
photodetector [13]. In addition to allowing the de-
tectors to be arranged in a continuous ring, the one-
to-one coupling between crystals and individual chan-
nels of a 64-channel PMT was one significant improve-
ment of this design, which avoided the inherent loss
of spatial resolution resulting from the previous light-
sharing schemes. An isotropic-reconstructed resolu-
tion of 1.8 mm, or∼ 6 µl volumetric resolution, is
obtained at the center of the FOV [14]. The position-
ing algorithm still makes use of charge-sharing on the
resistive anode of the multi-channel PMT to identify
the crystal of interaction, which restricts the achievable
resolution to almost twice the crystal geometric resolu-

tion and limits the maximum count-rate of the detector.
Another limitation is the fair energy resolution result-
ing from loss of scintillation light in the optical fibers.
Nonetheless, this has been the most successful animal
PET scanner design yet, and Concorde Microsystems
(Knoxville, TN) has commercialized it under the name
microPET [15].

Other approaches that avoid the use of bulky PMTs
have been investigated. These include the use of a
photosensitive gas detector to read out the ultraviolet
(UV) scintillation light from arrays of barium fluoride
(BaF2) scintillators [16] and the use of semiconductor
photodetectors. Solid-state photon detectors have sev-
eral inherent advantages over PMTs: high quantum ef-
ficiency, compact and flexible shape that can be adapted
to individual crystals, ruggedness, and potentially in-
expensive mass production. Standard unity-gain pho-
todiodes currently do not achieve the required signal-
to-noise ratio to perform coincidence detection with
scintillators in PET. They must be used in conjunction
with another fast photodetector [17], or devices with
an internal gain must be used [18]. The animal PET
scanner developed at Université de Sherbrooke was the
first imaging system to use silicon avalanche photodi-
odes (APD) to independently read out small discrete
scintillation crystals [19].

This system is shown in Fig. 1. Since crystal identifi-
cation can be performed unambiguously without having
recourse to light or charge sharing,a reconstructed reso-
lution of 2.1×3.1 mm (transaxial×axial),or 14µl vol-
umetric, is reached with this individual readout scheme
even using fairly large 3× 5 mm BGO crystals [20].
Due to the low light output and slow decay time of
BGO, the APDs had to be operated at high gain in con-
junction with fast low-noise preamplifiers to achieve
suitable coincidence time resolution (∼15 ns full width
at half-maximum peak height, FWHM), which in turn
required tight regulation of APD bias voltage and tem-
perature [21]. These drawbacks can be avoided almost
completely by using the newer scintillator LSO, which
is about seven times faster and three times more lumi-
nous than BGO, and several animal PET projects based
on APD and LSO currently are under development.

Another original animal PET system marketed by
Oxford Positron Systems (United Kingdom) is based
on the multi-wire gas proportional chamber (MWPC)
detector technology [22] combined with lead conver-
sion plates to detect the 511 keV annihilation radia-
tion [23]. Although the High Density Avalanche Cham-
ber (HIDAC) detectors have some inherent drawbacks
(low detection efficiency, poor coincidence time res-
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Fig. 1. Sherbrooke Small-Animal PET Scanner.

olution, no energy resolution), large area multi-layer
stacks of lead converters can be manufactured at a very
low cost to compensate for the low detection efficiency.
The unique 3D detection capability of the HIDAC sys-
tem provides the best spatial resolution in PET at the
present time, reaching sub-millimeter resolution in the
reconstructed image with advanced 3D iterative recon-
struction techniques [24].

2.1.2. Limitations
One distinct feature of PET is its ability to provide

quantitative information on biochemical processesin
vivo. As in human PET studies, precise quantification
of the tissue radioactivity concentration in small ani-
mals is dependent on the accuracy of corrections ap-
plied for photon attenuation and scattering in the subject
and on partial volume effects. While the corrections
for attenuation and scatter, which amount to only a few
tens of percent overall at the most, are relatively easy
to compensate for using standard methods without sig-
nificantly affecting accuracy, partial volume potentially
can be a significant source of error in quantification.
This can be particularly serious in follow-up studies
of tumor progression/regression in response to therapy,
where the tumor metabolic activity may be underesti-
mated severely when the size of the lesion approaches
the resolution of the scanner. Similarly, identification

and estimation of the radioactivity concentration in tu-
mors or metastases may be altered due to spillover from
high activity in adjacent structures. Methods involv-
ing resolution recovery or spectral analysis techniques
have been proposed to compensate for partial volume
and spillover effects. Ideally, an independent measure-
ment of the size and shape of the object, by visual in-
spection or high-resolution anatomical imaging, would
be required to apply appropriate corrections. Clearly,
higher spatial resolution in PET would be helpful.

With the current PET detector technology, the res-
olution and quantitative accuracy achieved with dedi-
cated small-animal imagers in the rat are grossly equiv-
alent to what can be achieved in humans with state-of-
the-art clinical PET scanners. Achieving the same level
of definition in the mouse is a challenging undertaking
due to the limits imposed by physical (positron range,
photon non-colinearity), chemical (specific activity),
and biological (injected mass) constraints. However,
millimeter resolution already has been demonstrated in
in vivo images [24], and an isotropic resolution close
to 1 mm (1µl) probably will be achieved with the next
generation microPET using 1× 1 mm needle crys-
tals [25]. Several other detector designs that presently
are being investigated will very likely allow the mm
resolution barrier to be broken in PET in the near future
(see below).
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In spite of improved spatial resolution,a complemen-
tary non-invasive high-resolution anatomical imaging
modality often will be mandatory to overcome one ad-
verse feature of PET images deriving from the major
strength of PET imaging. The extremely high speci-
ficity with which new molecular probes are being tai-
lored to be directed toward one particular membrane
receptor or cellular target may result in PET images
lacking proper anatomical landmarks to identify and
localize uptake tissues. Suitable methods for coreg-
istrating and fusing images from other micro-imaging
modalities are required, or better multi-modality scan-
ners combining magnetic resonance imaging (MRI) or
computed tomography(CT) to PET would be desirable.

Other methodological issues must be addressed con-
currently with the scanner characteristics if small-
animal PET imaging is to become a viable research
tool in the biomedical sciences. Contrary to other
non-invasive imaging modalities that provide informa-
tion on anatomy and tissue composition, PET opens a
unique window on the biochemistry, physiology, and
function of living organisms at the molecular level. Not
only is it necessary to immobilize the animal during
the imaging procedure, the physiological conditions
of the subject (depth of anesthesia, body temperature,
glycemia, blood pressure and gas, ventilation, heart
rate, etc.), which often will have an indirect effect on
the biological parameters under investigation, must be
controlled carefully throughout the imaging period and
beyond. This is mandatory to ensure the reliability
and reproducibility of the PET data in challenge stud-
ies where the same subject is used as its own control,
but also in longitudinal studies where the same animal
must be preserved to be scanned repeatedly over days,
weeks, or even months.

Likewise, pharmacokinetic modeling of radiotracer
distribution and metabolism requires that the blood
input function, and sometimes the plasma concentra-
tion of labeled metabolites, be known. Repeated man-
ual blood sampling in small animals, especially mice,
requires sophisticated arterial cannulation techniques
and is hazardous due to the limited blood volume that
can be drawn safely. Automated, continuous micro-
volumetric blood sampling has been demonstrated [26]
but remains a difficult task that requires skillful per-
sonnel. Dynamic, whole-body imaging using a large
solid-angle scanner provides an alternative means to
obtain the input function from the left ventricular blood
pool, large vessels, or another reference tissue.

2.1.3. Future research directions
With proposedmicro-crystal detector designs and in-

novative detector technologies achieving sub-millime-
ter intrinsic accuracy in the laboratory [25,27,28], the
race to break the mm resolution barrier (orµl volumet-
ric resolution) in PET is well underway. The several
projects currently in progress that are based on pho-
todiode and APD detector designs likely will provide
the technological basis for further developments in this
area.

Progress must be made in intrinsic detection effi-
ciency and system sensitivity concurrently with reso-
lution, however, in order to obtain the full benefit of
the higher resolution in extracting information from
images in real animal studies. Smaller systems with
more efficient geometry and larger solid angles (up to
4π [29]) must be considered. The measurement of the
exact 3D coordinates of the position of detection (that
is, region of interest, ROI) in addition to the identifica-
tion of the crystal of interaction) in these compact de-
tector systems becomes essential for uniform resolution
across the FOV. Although the scintillation performance
of crystals is crucial in micro-crystal detector designs,
the intrinsic detection efficiency of the detector material
also becomes a critical issue. Since the photoelectric
interaction probability of currently available detectors
is limited to 43% (BGO) or less, which means less than
20% photoelectric detection probability in coincidence,
some consideration should be given to other detection
paradigms, such as first interaction detection [30] and
Compton imaging of positron emitters [31].

The necessity of collecting anatomical information
in conjunction with the metabolic and functional data
provided by PET has been recognized rapidly in clinical
oncology. The same obviously applies for research in
oncology using small-animal imaging, and researchers
already are addressing this problem. The possibility
of fully integrating PET and CT detectors into a single
scanner system also is being investigated [32–34].

The availability of small-size position-sensitive
PMTs and APD arrays, compact integrated electronics,
and advanced position-tracking techniques now makes
it possible to envision miniature, portable, or hand-
held PET cameras that can be used to image unanes-
thetized, unrestrained, free-moving animals. While
these technological advances open the way to a wide
range of research applications in living animals, sig-
nificant progress remains to be made in merging this
technology with current research practices in animal
models.

Recent, more extensive reviews of PET-scanner tech-
nology dedicated to small-animal imaging and PET
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methodology for pre-clinical imaging studies can be
found in [35–38].

2.2. Current state-of-the-art in clinical PET
instrumentation

2.2.1. Detector technologies
2.2.1.1. Inorganic scintillators used for PET

BGO has been the scintillation material of choice in
PET for the past 20 years, mainly due to its high effec-
tive Z and high density, which result in very good stop-
ping power [39]. With BGO, 94% of all 511 keV pho-
tons interact within a 30-mm thick detector, compared
to only 36% for a 30-mm thick NaI(Tl) detector. The
light yield, however, is fairly low compared to NaI(Tl)
(15–20%), which results in a relatively poor but ade-
quate energy resolution. The relatively long scintilla-
tion decay time constants of both BGO (300 ns) and
NaI(Tl) (230 ns) limit the count-rate capabilities of sys-
tems using these scintillation materials and increase the
acceptance of unwanted random coincidences relative
to true coincidences. One other drawback of NaI(Tl)
is that it is hygroscopic; i.e., it absorbs moisture from
the environment and, therefore, must be hermetically
sealed to prevent discoloration and reduced light out-
put.

LSO and GSO are inorganic scintillators that were
developed more recently that have several advanta-
geous properties for use in PET [40,41]. Both have
high effective Z, high density, high light yield (75% for
LSO relative to NaI(Tl) and 30% for GSO), and short
scintillation decay time (40 ns and 60 ns, respectively).
The higher light yield than BGO provides potentially
improved energy resolution and better detector identi-
fication in arrays of small crystals, which should lead
to better spatial resolution. The shorter scintillation de-
cay time allows for a shorter coincidence time window,
which reduces the acceptance of random coincidences,
and shorter signal integration times should lead to im-
proved count-rate performance compared with BGO
systems. The performance of the first human research
tomographs to employ LSO [42] and GSO [43] recently
was described, and the first clinical scanners recently
became available commercially.

2.2.2. Detector designs
Most current-generation BGO and LSO PET scan-

ners are based on the block detector design [44]. In
this design, grooves are cut in a block of scintillator
material, creating a matrix of typically 8× 8 detector
elements whose light output is shared by four photo-

multiplier tubes. Using current crystal-cutting technol-
ogy, the individual detector elements reliably can be
made as small as 4× 4 mm, which can be identified
uniquely by the position-encodingscheme, particularly
in the case of bright scintillators such as LSO. The
count-rate capability of ring systems is maintained be-
cause of the large number of detector blocks (>200 in
a current-generation PET scanner), each of which has
its own dedicated circuitry for performing signal inte-
gration and encoding of energy, position, and timing
information.

A variation on the block design called quadrant shar-
ing uses larger photomultiplier tubes, with each tube
being centered over a corner of the block. Thus, each
tube “sees” four adjacent blocks. As in the block de-
tector, localized Anger logic is used to determine the
crystal of interaction. In this design, many blocks can
be abutted to each other to form a large flat panel de-
tector, requiring approximately four times fewer pho-
tomultiplier tubes than an equivalent panel based on
block detectors.

An alternative detector design is one in which many
discrete crystals are coupled to an array of photomul-
tiplier tubes via a continuous optical light guide [45].
The position of interaction is determined by a lo-
cal centroid calculation involving a cluster of seven
neighboring photomultiplier tubes centered on the tube
with maximal signal amplitude. This design results in
more or less even light distribution among all crystals,
whereas the block design results in less light collection
from edge crystals than from center crystals.

While block detectors can be made from NaI(Tl)
crystal material, PET scanners using this scintillator
tend to be based on a large-area detector design. In this
design, the light output from the crystal slab is shared
by several photomultiplier tubes, and positioning is de-
termined by Anger logic as in a gamma camera. Be-
cause of the higher light output of Na(Tl) compared
with BGO, positioning accuracy is very good, result-
ing in spatial resolution approaching that achieved in
a full-ring PET scanner. However, generally there is a
much higher degree of multiplexing (number of photo-
multiplier tubes per detector element) in such systems,
resulting in inferior count-rate capability. Two exam-
ple state of the art clinical PET scanners are provided
in Figs 2 and 3.

2.2.3. Dedicated PET systems
2.2.3.1. Ring detector tomographs

The most common type of dedicated PET system
comprises one or more complete rings of BGO or LSO
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Fig. 2. A full-ring PET scanner based on the block-detector design.
This image is reproduced with permission from Dale Bailey and CTI
PET Systems.

block detectors surrounding the subject. Because data
are recorded simultaneously from all projections sur-
rounding the subject and because of the relatively high
count-rate capability of the block detector design, such
tomographs are well suited to a wide range of clin-
ical studies employing steady-state protocols as well
as kinetic studies. Clinical scanners usually are con-
structed with a ring diameter that is suitable for both
brain and whole-body imaging (approximately 80 cm),
although dedicated brain units also are available. The
axial FOV depends on the number of rings but typically
is 10–20 cm.

Another ring detector design is based on the continu-
ous light guide and discrete GSO crystals [43]. In these
tomographs, the continuous light guides are curvedsec-
tors which, when coupled together at their edges, form a
complete ring with the crystal array on its inner surface
and the photomultiplier tube on its outer surface. Such
tomographs have been designed for brain and whole-
body scanning with performance similar or better than
other commercially available ring tomographs [43].

Fig. 3. A partial-ring rotating PET scanner based on the flat panel
LSO detector design. This image is reproduced with permission from
Dale Bailey and CTI PET Systems.

2.2.3.2. Large area detector tomographs
A low-cost alternative to ring detector tomographs is

found in NaI(Tl) PET systems [46,47]. Although the
properties of NaI(Tl) are better suited to single photon
emission computed tomography (SPECT) than to PET,
a number of adaptations can be made that result in a
system that is viable for clinical PET studies. First,
NaI(Tl) detectors used in PET typically are thicker (ap-
prox. 25 mm) than are those used in SPECT (approx
9 mm) because of the higher energy of the photons.
Large area crystals are employed rather than a block
configuration, and six such crystals surround the sub-
ject in a hexagonal arrangement. While the light-decay
time of NaI(Tl) is shorter than that of BGO, the small
number of detectors compared to the large number of
block detectors (>200) typical of BGO and LSO sys-
tems means that the count rate per detector is substan-
tially higher for the NaI(Tl) system for a given source
strength. The relatively high light output of NaI(Tl)
allows the integration time to be shortened to reduce
dead time with only small deterioration in positioning
accuracy and energy resolution [48]. Dead time is re-
duced further by using only photomultiplier tubes in the
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local neighborhood of a scintillation event to determine
its position in the crystal, effectively partitioning the
single detector into multiple detector zones (typically
3–4 zones per detector). Recently, the use of curved
NaI(Tl) detectors has been introduced, which results in
more uniform spatial resolution throughout the field of
view [49].

2.2.3.3. Partial-ring rotating tomographs
To reduce the cost of dedicated PET scanners,

partial-ring rotating tomographs were developed [4,50,
51]. These scanners contain about 45% by volume of
the scintillator material (the main cost component) of
the corresponding full-ring tomograph but employ 3D
acquisition and reconstruction to compensate for the
loss of efficiency. The partial ring of detectors typically
rotates at 30 revolutions/minute on a slip-ring gantry
to acquire a full set of projections. The axial FOV is
16 cm, and efficiency and spatial resolution are sim-
ilar to an equivalent full-ring system operated in 2D
acquisition mode.

Partial-ring rotating tomographs that use three or
five flat-panel LSO detectors also are under develop-
ment [52] and soon will be available commercially.
These systems have no interplane septa and operate in
3D mode only. In this design, there is no reduction
in the total volume of scintillator. Instead, the lack of
a full ring is compensated by using a large axial FOV
(50 cm) to improve 3D sensitivity. The speed of LSO
and associated electronics allows a relatively short co-
incidence time window to be used to minimize the im-
pact of randoms and dead time on count-rate perfor-
mance.

2.2.3.4. 3D versus 2D systems
In a full-ring PET scanner, lead or tungsten septa

normally are used to separate adjacent rings of detec-
tors and prevent photons that are detected in one imag-
ing plane from being in coincidence with photons de-
tected in other imaging planes. This is referred to as 2D
acquisition mode. Current-generation PET scanners
have the capability to retract the interplane septa from
the FOV and acquire coincidence data at all possible
angles in three dimensions. This is referred to as 3D
acquisition mode and results in a substantial increase in
detection efficiency [53]. Volume-imaging PET scan-
ners, such as the GSO ring system [43], hexagonal
NaI(Tl) systems [47], and flat-panel LSO systems [52],
do not have any interplane septa and are, therefore, in-
herently 3D. Such systems require specially developed
3D image-reconstruction algorithms [47,54,55].

2.2.3.5. Transmission systems
A transmission scan is required to correct the PET

data for absorption of annihilation photons in the body
that otherwise would degrade image quality and the
ability to quantify radiotracer uptake. Attenuation cor-
rection factors typically are measured in ring-detector
systems by rotating a transmission source around the
subject and comparing the attenuated transmission
counts to non-attenuated transmission counts obtained
without a subject in the scanner. The source usually is a
long-lived positron emitter (e.g.,68Ge/68Ga) and is de-
tected in coincidence. Techniques have been developed
to minimize and correct for cross-contamination from
emission photons, thus allowing simultaneous emis-
sion/transmission or post-injection transmission stud-
ies to be carried out [56–59]. At present, however,
simultaneous scanning normally is not performed for
oncology studies and the transmission scan can account
for a large part of the imaging session, making subject
movement a possible source of error.

Due to count-rate limitations, coincidence transmis-
sion scanning is difficult or impractical to implement on
3D-only systems. Instead, attenuation measurements
based on singles transmission are employed [60]. To
separate emission from transmission counts, an iso-
tope with different energy is used (e.g.,137Cs, with
an energy of 662 keV). Singles transmission measure-
ments require careful correction for differences in at-
tenuation properties at the differing transmission and
emission energies, correction for higher level of scat-
ter in singles transmission, and correction for cross-
contamination from emission data to achieve accurate
attenuation correction. However, singles transmission
systems can provide relatively low-noise transmission
data in a comparably short time.

An alternative approach for 3D-only systems is to
use dedicated fast detectors for transmission measure-
ments [61–63]. This currently is being implemented
in a commercial LSO-based tomograph and is likely
to make simultaneous emission/transmission scanning
routine in the near future. It also is possible to de-
rive attenuation correction factors from spatially co-
registered x-ray CT data when available. This approach
is discussed below in the context of dual modality sys-
tems.

2.2.4. Dual modality PET/CT systems
Scanners that are capable of acquiring PET and CT

data during the same imaging session recently have be-
come available [64]. These systems typically comprise
a full-ring PET gantry abutted to a single- or multi-slice
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spiral CT gantry with a common subject couch and
aperture and an integrated computer system. Because
the studies are performed sequentially and the subject
is not moved between studies, the system is capable
of producing spatially co-registered PET and CT im-
age volumes. The software typically displays the two
sets of tomographic images as orthogonalvolumes with
linked crosshairs and/or as a fused display where the
PET images (in pseudo color) are overlayed on the CT
images (in greyscale).

The potential benefits of a dual modality system in-
clude: the ability to accurately localize radiotracer up-
take using CT as the anatomical reference; shorter scan
times because a whole-body CT scan can be acquired
in under two minutes, compared with a conventional
transmission scan that takes up to 20 minutes to ac-
quire; and the capability to perform radiotherapy treat-
ment planning using the co-registered anatomical and
functional imaging data for potentially more accurate
target volume definition.

There are some issues to address to ensure that accu-
rate attenuation-correction factors can be derived from
CT data [65]. For example, linear attenuation coeffi-
cients (m) do not scale linearly from the low energy
of x-rays (approximately 60 keV) to the relatively high
energy of annihilation photons (511 keV), an issue that
may be complicated further when contrast agents are
used as an adjunct to the CT study. This usually is ad-
dressed by segmenting the CT images into a discrete set
of tissue types. Then, each discrete tissue type can be
treated separately by applying an empirical scale fac-
tor that scales the corresponding voxels to an m value
appropriate for 511 keV imaging. A further problem
arises when imaging the thorax, because CT provides a
snapshot that may represent any part of the respiratory
cycle, whereas PET produces a time-averaged image.
Without due care, this can lead to substantial artifacts in
the reconstructed images [66]. These problems mostly
have been addressed, and combined PET/CT appear to
offer unique benefits in oncologic imaging.

3. Advances in PET radiotracer development

3.1. Growth factor receptor imaging

Over the last decade, a number of cancer cell surface
receptor families, namely growth factor receptors, have
been identified. Many of these receptors sit at the head
of complex signaling pathways. Ligand binding to the
extracellular domain triggers a cascade of downstream

events that culminates in a variety of processes includ-
ing cell division, differentiation, motility, adhesion, an-
giogenesis, and apoptosis. These receptors and the as-
sociated signaling pathways provide fertile ground for
the development of imaging agents. Many of these
receptors are the target of active pharmaceutical de-
velopment programs [67]. The receptor families that
have been the focus of many studies include the epider-
mal growth factor (EGF), platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), and vascular
endothelial growth factor (VEGF).

The growth factor receptor tyrosine kinases share
structural and functional similarities, most notably, an
intracellular tyrosine kinase domain. Ligand binding
to the extracellular domain promotes receptor dimer-
ization followed by autophosphorylation of tyrosine
residues on adjacent receptors. The phosphorylated
receptor recruits proteins and enzymes, thus initiating
the intracellular signal cascade [68]. Two regions of
the receptor, the extracellular ligand binding domain
and the intracellular tyrosine kinase domain, are ther-
apeutic targets and also are suitable for labeled imag-
ing probes. Developing probes for these targets may
present opportunities to integrate imaging studies into
the drug development schema.

The epidermal growth factor receptor (EGFR,
ErbB1) was one of the first oncogenes [69] discov-
ered and the first member of the ErbB family of re-
ceptor tyrosine kinases to be identified. The ErbB
family, which also includes ErbB2 (HER2), ErbB3,
and ErbB4, is over-expressed in a variety of cancers,
including head and neck tumors; gliomas; non-small
cell lung cancer; and tumors of the breast, ovaries,
cervix, esophagus, bladder, prostate, and kidney [70].
Herceptin� (trastuzumab), the first clinically approved
ErbB-targeting agent for breast cancer, is an antibody
that blocks the ErbB2 receptor [71,72]. A number
of antibodies and small molecule tyrosine kinase in-
hibitors targeting the EGFR (ErbB1) are at various
stages in the pharmaceutical pipeline (see Fig. 4) [67].

EGF, the 53 amino acid, 6 kDa, natural ligand, binds
to the EGFR with a Kd of 0.1–1.0 nM [73] and has
been labeled directly with iodine-123, iodine-125, and
iodine-131 as well as indium-111 and technetium-99m
bifunctional chelates [50,74–79]. EGF has been la-
beled with the positron-emitting bromine-76 and was
found to accumulate in EGFR-expressing tumors in the
rat [80]. No human studies have been performed with
this tracer.

Monoclonal antibodies (MAbs) against EGFR are
being developed as therapeutic anti-tumor agents. A
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Fig. 4. Chemical structures of selected EGFR and VEGF tyrosine-kinase inhibitors.

few selective MAbs have been labeled with indium-
111 and technetium-99m and evaluated as imaging
agents [81–85]. Generally, the MAbs appear to have
better imaging characteristics than do the labeled EGF
analogs. The anti-EGFR MAbs have not been labeled
with positron-emitting isotopes. A copper-64-labeled
antibody or antibody fragment would be the logical
choice.

To date, no small organic molecules have been iden-
tified with affinity for the extracellular domain of the
EGFR; however, a number of small molecules have
been shown to be potent (nM to pM) inhibitors of the
EGFR tyrosine kinase at the intracellular adenosine
triphosphate (ATP) binding site. A reversible-binding
and irreversible-bindinganilinoquinazoline is shown in
Fig. 4 [86,87]. Tryphostins, dianilinopthalimides and
pyrrolo-pyrimidinesalso are classes of small molecules
that inhibit the EGFR tyrosine kinase-mediated au-
tophosphorylation [88–90].

A number of positron-radiolabeled analogs of
PD153035 have been reported. The compounds
incorporate labeled substituents on the A- or C-

rings (see Fig. 4) of the anilino- or benzylamino-
quinazoline. The C-ring-substituted analogs include
4-(3’-[125I]iodoanilino [91,92], 4-(3’-[18F]fluoro-5’-
trifluoromethylanilino)- [93,94], 4-(3’,4’-dichloro-6’-
[18F]fluoroanilino)- [93,94],4-(3’-chloro-4’-[18F]fluo-
roanilino)- [95,96], 4-(4’-[18F]fluorobenzylamino)di-
methoxyquinazolines [97], and 4-(4’-[18F]fluorobe-
nzylamino)diethoxyquinazoline [98]. The 7-[18F]fluo-
roethoxy [99] and the 6- or 7-[11C]methoxy derivatives
constitute the A-ring-labeled analogs [99,100]. A study
of the carbon-11 methoxy derivative demonstrated
some uptake in human neuroblastoma xenografts in
mice [101,102]; however, the half-life of the carbon-
11 (half-life = 20 min) may not allow adequate time
for the development of adequate signal-to-background
signal contrast. Recently, the 4-[3’,4’-dichloro-
6’-fluoroanilino]-6-acryylamido-quinazoline, an irre-
versible EGFR tyrosine kinase inhibitor (see Fig. 4),
has been reported labeled with carbon-11 in the acry-
lamide group [103,104]. To date, a radioprobe with
desirable imaging characteristics, including receptor-
mediated uptake, has not been identified. Optimization
and validation of several analogs is in progress.
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Fig. 5. Structures of selected farnasyl-transferase inhibitors.

Angiogenesis, the process of new blood vessel for-
mation, plays an essential role in tumor growth [105].
VEGF promotes new blood-vessel growth through the
VEGF receptor (VEGFR) signaling. The VEGFR fam-
ily is comprised of three members, VEGF R1 (Flt-1),
VEGF R2 (KDR or Flk-1), and VEGF R3 (Flt-4) [106].
VEGFR, like EGFR, is a receptor tyrosine kinase that
dimerizes and phosphorylates the tyrosine residues of
the adjacent receptor upon VEGF binding to the extra-
cellular ligand-binding domain.

VEGFR is a target for anti-cancer therapeutic devel-
opment with anti-VEGFR antibodies being produced
to block the extracellular receptor domain and small-
molecule inhibitors being evaluated to inactivate the
tyrosine-kinase signaling. Additionally, anti-VEGF
antibodies that reduce circulating VEGF and prevent
its interaction with the receptor are being analyzed.

To date, only one labeled probe directly targeting
the VEGFR has been reported in the literature. The
synthesis and initial evaluation of [123I]-VEGF recently
was described [107]. The bulk of imaging related to
angiogenesis has targeted indirect measures of blood-
vessel formation, including tissue hypoxia, blood flow,
and cell permeability [108].

Fig. 6. Structure of arteminolide.

Several small-molecule inhibitors of the intracellular
tyrosine kinase have been synthesized and evaluated
as tumor therapeutics. Two classes of compounds that
exhibit potent inhibition of the enzyme are shown in
Fig. 4 [109–111]. The aminoquinazoline compound
(ZD6474) is a structural analog of the EGFR tyrosine
kinase inhibitors. Following the labeling paradigm for
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the EGFR imaging agents also may lead to PET probes
to measure VEGFR density.

Growth factors are produced in many types of cancer
and promote tumor growth and proliferation. Growth-
factor receptors are important mediators of cellular ac-
tivity in response to growth-factor activation, and their
over-expression in a variety of tumor types is associ-
ated with poor prognosis and survival. Development of
anti-neoplastic therapeutics based on growth-factor ex-
pression in tumors is an active area of current research
in the pharmaceutical and biotech industries. Thus,
the design of growth-factor radioprobes may comple-
ment these efforts and be efficacious in subject selec-
tion, monitoring therapeutic response, and drug devel-
opment.

3.2. Enzyme imaging

Over the last two decades, several major advances
in molecular and cellular biology have led to the iden-
tification of a number of genes that are intimately in-
volved in cancer initiation, progression, invasion, and
angiogenesis. Mutations in ras have been identified in
about 30% of all human cancers. Mutations of K-ras
commonly are found in human malignancies, whereas
N- and H-ras are found less often. K-ras mutations are
found most often in solid malignancies and predomi-
nate in pancreatic, colorectal, and non-small cell lung
cancer, whereas breast cancer and gliomas have a low
occurrence of ras mutations. The demonstration that
Ras requires prenylation for its cancer-causing activity
led several groups of investigators to an intense search
for farnesyltransferase and geranylgeranyltransferase
(GGT) inhibitors as potential anticancer drugs (Figs 5–
7) [112]. This prenylation involves the transfer of a 15-
carbon farnesyl group from farnesyl diphosphate to a C-
terminal tetrapeptide sequence of the Ras protein. This
causes the protein to become more hydrophobic; this
farnesylated protein readily associates with the lipid
bilayer of the cell membrane, enabling it to cycle from
the inactive Ras-guanosine 5’-diphosphate to the acti-
vated Ras-guanosine 5’-triphosphate. The function of
inhibitors in this prenylation is to inhibit the transduc-
tion of proliferative cancer signals. The related GGT
also can catalyze the attachment of prenyl groups to
several proteins. This potential for cross-prenylation of
K-Ras by GGT indicates that, even with the blockade of
farnesyltransferase by a suitable inhibitor, the function
of the Ras protein may be restored by prenylation using
GGT. The fact that both farnesyltransfease and GGT
inhibitors are required for inhibition of oncogenic K-

Ras prenylation (but each alone is able to suppress hu-
man tumor growth in mouse models [113]), along with
a low toxicological profile, has fueled the development
of new inhibitors.

3.2.1. Farnesyltransferase
Farnesyltransferase inhibitors represent a new class

of agents that target signal transduction pathways re-
sponsible for the proliferation and survival of di-
verse malignant cell types. These agents have shown
some success in a number of conditions, including
breast [114,115], head and neck [116,117], ovar-
ian [114], and non-small cell lung cancers [116]. A
number of questions remain to be answered to evaluate
the effectiveness of farnesyltransferase inhibitors [118,
119]. Due to the presence of endogenous inhibitors and
because farnesyltransferase inhibitors are reversible in-
hibitors, the direct measurement of farnesyltransferase
activity as a marker of drug effect has proven difficult.
This is a potential role that PET can play in the devel-
opment of effective imaging agents to determine the
level of farnesyltransferase inhibitionin vivo.

3.2.2. Geranylgeranyltransferase inhibitors
It has been shown that GGTase-I inhibitors arrest

cells in G0/G1 and induce accumulation of p21WAF
in a p53-independent manner and that FTase inhibitors
can interfere with cell cycle events by a mechanism
that involves neither p21WAF nor p27KIP [120]. The
results also point to the potential of GGTase-I in-
hibitors as agents capable of restoring growth arrest
in cells lacking functional p53. Studies indicated that
treatment of NIH3T3 cells with GGTI-298 (GGT-I in-
hibitor) or lovastatin, which inhibits both protein far-
nesylation and geranylgeranylation, arrested cells in
G0/G1; whereas cells treated with FTI-277 (farnesyl-
transferase inhibitor) progressed normally through the
cell cycle [121] and protein geranylgeranylation is crit-
ical for the control of programmed cell death [122].
PET studies can play a key role in the evaluation of the
function of both farnesyltransferase and GGTin vivo.

3.2.3. Fatty acid synthase
Abnormal fatty acid synthesis is among the most

prevalent features of human cancer. In comparison to
normal or benign hyperplastic glandular structures, all
of which were negative for fatty acid synthase (FAS)
staining, an immunohistochemical signal was evident
in 24/25 low-grade prostatic epithelial neoplasia (PIN)
lesions, in 26/26 high-grade PIN lesions, and in 82/87
invasive carcinomas. Staining intensity for fatty acid
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Fig. 7. Structures of selected geranylgeranyltranserase inhibitors.

synthase was found to increase from low grade to high
grade PIN in invasive carcinoma, and cancers with a
high FAS expression had an overall high proliferative
index [123]. These findings indicate that increased
FAS expression is one of the earliest and most common
events in the development of prostate cancer, suggest-
ing that FAS may be used as a general prostate cancer
marker and that anti-neoplastic therapy based on FAS
inhibition may be an option for chemoprevention or
curative treatment for nearly all prostate cancers. In-
creased FAS has been seen in numerous cancers, such
as those of the prostate [123], ovary [124,125], and
breast [126–131]. The development of imaging agents
to determine the level of fatty acid synthasein vivo
could be useful in the determination of cancer grade.

3.3. Steroid receptor imaging

The use of PET to delineate steroid-receptor-positive
tissue in tumors has been an interesting target for many
years [132]. The primary goal of these efforts has been
to develop diagnostic tools that would be capable of
determining the presence or absence of a key steroid
receptor that would then impact the therapeutic strategy
for treatment of the disease. PET radiopharmaceuticals
have been developed for a number of steroid receptors;
this review will focus on the estrogen, androgen, and
progestin receptors.

3.3.1. Estrogen receptor
In the mid-1980s, Welch and Katzenellenbogen de-

veloped a positron-radiolabeled estrogen ligand, [18F]-
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16α-18-fluoroestradiol-17β ([ 18F]FES, Fig. 8). This
tracer [133] demonstrated excellentin vitro andin vivo
characteristics in pre-clinical models; subsequently, ex-
cellent delineation of estrogen-receptor (ER)-positive
breast tumors was observed in humans [134–136].

In clinical studies, [18F]FES has been studied most
extensively as a radiopharmaceutical for breast carci-
noma imaging. Mintun et al. found a correlation coef-
ficient of 0.96 (p < 0.001) between non-specific bind-
ing and partial volume effect correctedin vivo breast
tumor uptake of [18F]FES expressed as percentage of
the dose injected per mL×10−4 and ER concentra-
tion (fmol/ mg protein) in nine ER-documented pa-
tients suffering from primary breast carcinoma. In a
subsequent study in the same group of 16 patients with
clinical or radiographic evidence of metastatic disease,
metastatic lesions within the regions imaged on PET
studies were identified by other imaging studies in 14
out of 16 patients. The pre-therapy PET images with
[18F]FES demonstrated accumulation of the radiophar-
maceutical in the lesion or lesions of 11 of these 14
patients (79%) and in 53 of 57 lesions (93%). Based on
available data in a small subgroup of seven patients, the
correlation between pre-therapy % ID/mL uptake vs.
ER status (r = 0.36, p = 0.43), however, was much
poorer when compared to the results obtained in pri-
mary tumors. Dehdashti et al., in a series of 53 patients
(32 patients with primary breast tumours and 21 with
clinical or radiological evidence of distant metastases
or disease recurrence), found a good overall agreement
[88% (35/40)] betweenin vitro ER assays and [18F]FES
PET % ID/ml [137]. Of interest, all five cases of dis-
agreement were positive onin vitro ER but negative
on [18F]FES PET (standard uptake values [SUVs]<
1.0). Only one of these patients was treated with hor-
monal therapy, and she did not respond. Mortimer
et al. assessed the value of [18F]FES in women with
breast cancer for predicting response to systemic ther-
apy [138]. Results of [18F]FES PET were related to ER
status. Cancers were considered functionally hormone
sensitive if the standardized uptake value of the lesion
on [18F]FES PET was> 1.0 and hormone resistant if
FES SUV was< 1.0. In this series, all 20 ER– tumors
did not accumulate [18F]FES. However, of the 21 ER+
tumors, 16 took up [18F]FES and five did not. Thirteen
patients were treated with hormone therapy, and eight
(61%) responded to that therapy. Only one of the five
patients whose tumors were ER+ and did not take up
[18F]FES received hormone therapy, and this treatment
resulted only in disease stabilization. When compared
with thein vitro assays of ER status, [18F]FES PET had
a sensitivity of 76% and specificity of 100%.

Fig. 8. Structures of selected steroid-based PET radiotrac-
ers. From top: [18F]FES, [18F]FENP, [18F]FFNP, [18F]FDHT,
[18F]7(FDHT).

Dehdashti et al. reported on the potential useful-
ness of consecutive [18F]FES imaging to predict re-
sponsiveness to anti-estrogen therapy in patients with
ER+ metastatic breast cancer [137]. Eleven post-
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menopausal women were included and underwent
[18F]FES PET before and seven to 10 days after initia-
tion of tamoxifen therapy. There were seven responders
and four non-responders on clinical follow-up (3–24
months). Responders had higher baseline SUVs when
compared to non-responders (> 2.2 vs. < 1.7 ), and
the degree of ER blockade by tamoxifen was greater
in responders (mean SUV decrease 2.7+ 1.7) than in
non-responders (mean decrease 0.8+ 0.5).

The general utilization of this radiotracer in the clinic
has been disappointing, however; this is due, in part,
to the realization that this approach is unlikely to re-
place tumor biopsy as a technique for determining the
estrogenic nature of a tumor. Therefore, it has lim-
ited utility as a diagnostic agent. However, it could
be that this radiotracer has great application for mon-
itoring target modulation or disease progression for
estrogen-targeted therapy. In fact, PET has proven
useful in imaging the “metabolic flare” response that
occurs after initiation of tamoxifen therapy [139,140].
In these studies, both the findings of a flare response
by [18F]FDG-PET and the degree of ER blockade by
[18F]FES PET appear to predict the responsiveness of
anti-estrogen therapy in patients with ER+ breast can-
cer.

3.3.2. Progestin receptor
Attempts to delineate the progestin receptor (PR) in

humans have been less successful than for the ER. A
number of derivatives have been suggested [141–143],
but have had only limited evaluation in humans. One
ligand, [18F]fluoro-16α-ethynyl-19-norprogesterone
([18F]FENP, Fig. 8), an analog of the potent pro-
gestin ORG 2058, demonstrated highly selective uter-
ine uptake and excellent uterus-to-blood and uterus-to-
muscle ratios in pre-clinical models [142,144]. Un-
fortunately, this specificity was not reproduced in pa-
tients with primary breast cancer, and it was concluded
that [18F]FENP was not a suitable radiotracer for the
delineation of PRs in humans [134,135].

Another radiotracer for the PR has been re-
ported [145,146], the endo isomer of 21-[18F]fluoro-
16α,17α-[(R)-(1’-α-furylmethylidene)-19-norpregn-4
-ene-3,20-dione ([18F]FFNP). This radiotracer was de-
signed to be more resistant to reduction of the C-20
ketone, a feature that was blamed for the failure of
[18F]FENP in humans. In addition, it is hoped that the
structural changes in [18F]FFNP will make this candi-
date less susceptible toin vivo defluorination; unfor-
tunately, no clinical evaluation of this tracer has been
reported to date.

3.3.3. Androgens
Radiopharmaceuticals targeting the androgen re-

ceptor (AR) may have potential as a method to
monitor the pathophysiology of metastatic prostate
cancer. A number of potential candidates have
been identified and one ligand, 16a-[18F]fluoro-5α-
dihydrotestosterone ([18F]FDHT), was chosen by non-
human primate imaging [147] to be the best radiotracer
for evaluation in humans. Clinical data concerning this
ligand has been presented at scientific meetings, and
publication of this data is anticipated soon. Another
androgen ligand that has promise is a 7α-fluoro deriva-
tive of dihydrotestosterone; an interesting pre-clinical
assessment of this ligand has been published [148], but
no clinical evaluation has been reported to date.

3.4. Sigma receptor radiotracers

The two currently accepted sigma receptor sub-
types (termed sigma-1 and sigma-2) have been tar-
gets of interest for PET and SPECT radiotracer de-
velopment for many years [149–159]. Both subtypes
are over-expressed in many human malignancies, in-
cluding those of the breast, lung, colon, brain, and
prostate [160,161]. Human, rodent, and guinea pig
sigma-1 receptors have been cloned. Sigma-1 recep-
tors are not homologous to any known mammalian
protein but are highly homologous to yeast sterol iso-
merase [162,163]. These receptors are expressed on
the cell membrane and within the endoplasmic reticu-
lum where they are co-localized with sterol isomerase
enzymes. It is thought that sigma-1 receptors are in-
volved in cellular proliferation processes, and antag-
onism at sigma-1 sites causes cell death. It recently
has been shown in malignant human breast tumor biop-
sies that sigma-1 receptor densities correlate positively
with Bcl-2 expression and inversely with progesterone
expression, indicating their potential use as prognostic
markers for breast cancer [164].

Several PET and SPECT radioligandshave been syn-
thesized and tested in vivo over the past decade. PET
sigma-1 receptor tracers have been labeled with carbon-
11 and fluorine-18, and examples are shown in Fig. 9.
Most PET tracers have been evaluated especially for
imaging sigma-1 receptors in the CNS. One sigma-
1 receptor PET radiotracer that has shown promise
as a tumor imaging agent is [18F]FPS [149,158,165].
[18F]FPS has been fully characterized through pre-
clinical models and has proven suitable for imaging
sigma-1 receptors in the primate CNS as well as those
expressed in tumors. In mouse models of melanoma
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Fig. 9. Structures of sigma-receptor PET radioligands. Asterisks (*) denote positions in which a radiolabel has been placed.

Fig. 10. Transaxial microPET image obtained at four hours post injection with [18F]FPS in a transgenic MMTV mouse that developed breast
tumors.

and breast cancer, high [18F]FPS uptake and excellent
tumor-to-normal tissue ratios consistently have been
demonstrated in severalin vivo tumor models, includ-
ing the transgenic MMTV mouse model of breast can-
cer (Fig. 10). In all models examined thus far, includ-
ing the MMTV breast cancer model, the binding of
this tracer to sigma receptorsin vivo in the CNS and in
tumors has been demonstrated to be>90% specific.

Another interesting study was the assessment of a

mixed sigma-1 and sigma-2 receptor radiotracer as a re-
porter of proliferationstatus by Mach et al. In this study,
[18F]N-(4’-fluorobenzyl)-4-(3-bromophenyl)acetamide
was studied in nude mice bearing tumor xenografts of
the mouse mammary adenocarcinoma and compared
with the metabolic imaging agent [18F]FDG and a radi-
olabeled DNA precursor, [125I]IUdR. Both [18F]FDG
and [125I]IUdR have been proposed as agents to report
on the proliferative status of solid tumors. When the
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sigma-1 receptor binding of [18F]N-(4’-fluorobenzyl)-
4-(3-bromophenyl)acetamidwas blocked, the results of
the distribution studies suggested that imaging with a
sigma-2 selective tracer might provide advantages in
overall tumor/tissue ratios and correlation with prolif-
erative status. However, these studies are very pre-
liminary and further work is required to support these
hypotheses.

Sigma-2 receptors are not as well characterized as
are sigma-1 sites, and endogenous ligands are yet to be
identified. However, expression of sigma-2 receptors
has been shown to be increased during the S phase in
cancer cells. Therefore, these sites could provide an
important marker of cellular proliferation rates. Very
few attempts to prepare PET and SPECT radioligands
for sigma-2 receptors have been reported. Progress in
this area currently lags behind that of sigma-1 tracer
development due to the lack of highly selective sigma-2
binding compounds. No PET radiotracers with clear
potential have been reported to date. However, regard-
less of the subtype targeted, the development of sigma
receptor imaging agents for tumor visualization still
remains a promising and active area of research.

3.5. Tumor hypoxia imaging

Several clinical trials have confirmed that hypoxia
may be a cure-limiting factor in radiotherapy. These
trials include studies showing that improvements in lo-
cal control can be achieved by the use of hypoxic cell
radiosensitizers or hyperbaric oxygen and that reduced
hemoglobin levels and low tumor PO2 are associated
with higher treatment failure rates. As such, identifica-
tion and quantification of tumor hypoxia may predict
outcome and may identify patients who might benefit
from concomitant radiosensitizing therapy to overcome
the hypoxia effect [166–170].

For the purpose of hypoxia imaging by means of
PET, imidazole and non-imidazole- containing imag-
ing agents have been developed. The 2-nitro-imidazole
moiety present in [18F]misonidazole ([18F]MISO) acts
as a bioreductive molecule, accepting a single electron
and producing a free-radical anion that, after further re-
duction, is then incorporated into cell constituents un-
der hypoxic conditions. In contrast, in [62Cu]diacetyl-
bis(N-4-methylthiosemicarbazone) ([62Cu]ATSM) the
radiolabelled complex is believed to be bioreducible by
itself.

3.5.1. [18F]MISO
3.5.1.1. Pre-clinical data

[18F]MISO was shown to bind selectively to hypoxic
cells bothin vitro andin vivo at radiobiologically sig-
nificant oxygen levels [171].

3.5.1.2. Clinical data
Koh et al. evaluated [18F]MISO tumor uptake in

eight patients with selected cancers, five of whom suf-
fered from primary head and neck carcinoma [162,
163]. All patients were imaged prior to primary ra-
diotherapy and three returned for follow-up scans, re-
sulting in a total of 11 imaging studies. Six of eight
pre-radiotherapy studies revealed [18F]MISO retention
exceeding a tumor-to-plasma concentration ratio of 1.4
by 2 hr. pi. According to this criterion, all five patients
with head and neck carcinoma had positive scans. To-
ward the end of a course of fractionated radiotherapy,
the three repeat studies performed in patients with ini-
tially positive scans showed no tumor accumulation of
drug above the threshold ratio of 1.4, which suggests
that reoxygenation had occurred. On the other hand,
in a group of seven locally advanced non-small cell
lung cancer patients undergoing sequential [18F]MISO
imaging during fractionated radiotherapy, measuring
changes in oxygenation proved difficult to predict [172,
173]. Rasey et al. studied 37 patients suffering from
a variety of tumors, 36 of whom showed [18F]MISO
uptake [171]. The extent of uptake varied markedly be-
tween tumors in the same site or of the same histology.

3.5.2. [62Cu]ASTM
3.5.2.1. Pre-clinical data

[62Cu]ASTM uptake in EMT6 tumors grown in
BALB/c mice occurred preferentially in hypoxic tumor
tissue [174].

3.5.2.2. Clinical data
PET studies performed in four normal subjects and

in six patients with lung cancer showed rapid clearance
from blood and intense tumor uptake in all six patients.
A negative correlation was observed between blood
flow and flow-normalized [62Cu]ASTM uptake, which
suggests an enhancement of retention of [62Cu]ASTM
by low flow.
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3.6. Visualizing cellular proliferation

Both radiolabelled thymidines, respectively 2-[11C]
thymidine, [methyl-11C]thymidine, and [18F]fluoroth-
ymine, as well as halogenated deoxyuridines, re-
spectively76Br-deoxyuridine,124I-deoxyuridine and
[18F]fluorodeoxyuridine, have been developed for
imaging tumor proliferation [132,175–198].

2-[11C]thymidine and methyl[11C]thymidine were
shown to be taken up by a wide variety of human tu-
mor tissues, including lymphoma, small cell lung car-
cinoma and sarcoma, head and neck carcinoma, brain
tumors, and renal carcinoma. In contrast, clinical stud-
ies on halogenated deoxyuridines are limited to pa-
tients suffering from brain carcinoma. In general, for
both radiolabelled thymidines as well as deoxyuridines,
different uptake levels were reported in a large pro-
portion of patients, indicating that different informa-
tion was being obtained. Firm proof that the degree
of tumor uptake of these radiopharmaceuticals relates
to differences in the human tumor proliferation rate
has not been provided so far. Additionally, both 2-
[11C]thymidine and methyl[11C]thymidine, as well as
[76Br]deoxyuridineand [124I]deoxyuridine,are rapidly
metabolized, resulting in high background activity and
low tumor uptake. Contrariwise, [18F]fluorothymidine
is much more resistant to in vivo degradation and is
more avidly taken up by tumor tissues. Initial clinical
results suggest that [18F]fluorothymidine tumor uptake
values correlate significantly with tumor proliferative
status. Whether, however, [18F]fluorothymidine can be
used as a proliferation marker after therapeutic inter-
ventions currently is unknown. Accordingly, studies
that address the biological interpretation of accumula-
tion early after therapeutic intervention are warranted.

3.7. Cell metabolism imaging: Fluoredeoxyglucose
PET

[18F]fluorodeoxyglucose ([18F]FDG), a glucose ana-
log, is transported by facilitated diffusion into the cell,
where it is phosphorylated by hexokinase. [18F]FDG–
6-phosphate is effectively “trapped,” as it is not a sub-
strate for the subsequent enzymatically driven path-
ways for glucose metabolism, and the rate of dephos-
phorylation is slow in tissue with low levels of glucose-
6-phosphatase. As early as 1925, Warburg and col-
leagues showed that tumor cells have high glucolytic
rates of metabolism, which explains why enhancement
of [18F]FDG uptake is ubiquitous in malignant tumors.
It remains unclear, however, what specifically medi-

ates tumor [18F]FDG uptake. It has been documented
that uptake depends on the expression of glucose trans-
porters on the tumor cell membrane, on the presence of
hexokinase, and on the level of glucos-6 phosphatase;
but it appears that no single factor may be responsible
universally [199–201]. In fact, different tumors may
have different mechanisms to account for their uptake
of [18F]FDG, and a combination of factors may exist
in the same tumor. Activated macrophages avidly take
up [18F]FDG, and their infiltration into tumors also has
been implicated in increased [18F]FDG accumulation.
For previously untreated breast cancer,however, uptake
mainly is in tumor cells.

3.7.1. Lung carcinoma
3.7.1.1. Staging of solitary lung nodules

Identification of the underlying benign or malig-
nant nature of solitary lung nodules is achieved mainly
through bronchoscopy and/or transthoracic puncture.
For proximal lesions, the diagnostic yield of bron-
choscopy varies from 20–80%. Similarly, for lesions
located in the periphery, when performed under CT-
guidance, the diagnostic yield of transthoracic punc-
ture approximates 80%. When, however, both tech-
niques either are inconclusive or unfeasible due to in-
creased risk of pneumothorax or damage to vital or-
gans, [18F]FDG PET is of interest. Several studies
have addressed the potential of [18F]FDG PET to dis-
criminate benign from malignant solitary pulmonary
lesions. These studies recently have been the subject of
a meta-analysis that demonstrated an overall sensitiv-
ity of 94% and a specificity of 73% for this indication.
Importantly, by using [18F]FDG PET for this indica-
tion, the number of surgical diagnostic biopsies can be
reduced by 20% [202–204].

3.7.1.2. Mediastinal staging of non-small cell lung
carcinoma

The only curative treatment for patients suffering
from non-small cell lung carcinoma is surgery. The
decision to perform surgery relies mainly upon the ex-
tent of invasion of the mediastinum; only patients with
lymph-node involvement that is limited or equal to an
N2 stage are good candidates for surgery. Although
mediastinoscopy is the most performed technique for
staging of the mediastinum, it is invasive and is as-
sociated with a 2–3% morbidity. Accordingly, non-
invasive techniques are desirable. During the past 10
years, the cornerstone of non-invasivemediastinal stag-
ing has been the CT scan,with reported sensitivities and
specificities respectively varying from 48–91%and 53–
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99% when compared to mediastinoscopy. The criterion
used most often to differentiate benign from malignant
lymph nodes is their size; in general, lesions larger than
10 mm in size are considered malignant. In the past few
years, [18F]FDG PET also has been studied for its po-
tential to non-invasively stage the mediastinal status in
patients suffering from non-small cell lung carcinoma.
As illustrated by the meta-analysis by Dwamena et al., it
appears that the performance of [18F]FDG PET for this
indication varies depending upon the results obtained
by CT [205]. If the CT scan is negative, sensitivity and
specificity are 74% and 96%, respectively. If, on the
other hand, the CT scan is positive, the sensitivity in-
creases to 95%; however, specificity drops to 76%. Of
interest, in a study by Van Steenkiste et al., implemen-
tation of [18F]FDG PET resulted in a 25% reduction
in surgical biopsies and/or medistinoscopy [206,207].
Meta-analysis concluded that PET is superior to CT for
mediastinal staging of non-small cell lung cancer, in-
dependent of performance index or clinical context of
PET imaging [205]. Marom et al. also demonstrated
that whole-body PET analysis is more accurate than
are thoracic CT, bone scintigraphy, and brain CT or
MR imaging in staging bronchogenic carcinoma [208].
Finally, Peiterman et al. reported that PET improves
the rate of detection of local and distant metastases in
patients with non-small cell lung cancer [209].

3.7.1.3. Extra-thoracic staging
Available studies on the potential of [18F]FDG PET

for extra-thoracic staging, although limited in number,
suggest that the technique is superior to conventional
staging techniques. More specifically, it appears that
[18F]FDG PET can reduce the number of false-positive
surrenal gland localizations and bone metastases sug-
gested respectively on CT scan and bone scan [210].

3.7.2. Breast carcinoma
3.7.2.1. Diagnosis of primary breast carcinoma

The overall reported sensitivity and specificity of
[18F]FDG PET for the diagnosis of primary breast car-
cinoma varies from 67–100% and from 75–100%, re-
spectively, with the highest sensitivity and specificity
being obtained when clinically palpable lesions or le-
sions superior to 1.5 cm in size were studied. In con-
trast, when dealing with non-palpable tumors, the re-
ported sensitivity and specificity is significantly lower,
although still acceptable, ranging respectively from 70–
95% and 70–90%. For lesions smaller than or equal
to 10 mm, the sensitivity is poor, relating to the physi-
cal detection limits of the PET camera and to the poor

glucose utilization of small lesions. For the purpose
of diagnosing primary breast carcinoma, the technique
should be reserved for patients with breast prosthe-
sis, dense breasts, or structurally modified breast tissue
(e.g., due to previous radiotherapy), in whom mam-
mography and echography are suboptimal. Impor-
tantly, as with any morphological imaging technique,
it does not replace biopsy [210–213].

3.7.2.2. Staging of the axilla
Reported sensitivity and specificity of [18F]FDG

PET for staging the axilla in patients suffering from
breast carcinoma range from 60–100% and 70–100%,
respectively. The results of these studies should be
placed against those obtained by the sentinel-node pro-
cedure performed by means of lymphoscintigraphyand
handheld gamma probes. The choice of one of the two
techniques is likely to vary from one center to another
and will depend upon availability, expertise, surgical
opportunities, and adopted oncological strategies [211–
213].

3.7.2.3. Detection of tumor recurrence
[18F]FDG PET is essential when a recurrence of

breast carcinoma is suspected either clinically or bio-
chemically. Reported sensitivities and specificities of
[18F]FDG PET for this indication range from 84–100%
and 55–100%, respectively. By virtue of its whole-
body imaging capacity, the technique can substitute for
many other diagnostic assessments aimed at uncover-
ing the site of recurrence [211–213].

3.7.2.4. Monitoring response to treatment
Initial reports on [18F]FDG PET as a tool for predic-

tion or early assessment of response to chemotherapy
based on tumor response at the biochemical level in
patients suffering from breast carcinoma are promis-
ing but need to be explored more extensively. Specif-
ically for [18F]FDG PET, additional studies to deter-
mine the optimal percentage SUV decrease following
the first course of chemotherapy when compared to
baseline values in terms of accuracy are warranted.
This cut-off value should target 100% sensitivity as,
from a clinical point of view, it would be unethical to
discontinue any effective chemotherapeutic treatment.
When adopting such criterion, available data suggest
that 90% of breast carcinoma patients who receive neo-
adjuvant chemotherapy could accurately be defined as
responders or non-responders as early as two to three
weeks following treatment instigation. In the pallia-
tive setting, a lower accuracy of [18F]FDG PET is to
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be expected, given the potential influence of previous
treatment and the related more substantial infiltration
of inflammatory cells [214].

3.8. Choline

Choline, an important natural substrate for a variety
of biochemical pathways, is utilized in every cell in the
body, including membrane synthesis and cholinergic
neurotransmission. There is a growing body of evi-
dence that suggests that the tumoral uptake of choline
and conversion to phosphatidyl choline is coupled with
tumor proliferation. Early work with [3H]choline and
neuroblastoma cell lines demonstrated the rapid in-
flux and conversion to phosphorylcholine [215]. Brain
magnetic resonance spectroscopy (MRS) showed an
enhanced signal in the tumor relative to normal [216–
218], and this signal has been used to differentiate tu-
mor recurrence from radiation necrosis. Proton MRS
studies of the prostate also have shown an increase in
choline and decreased citrate in tumors. Methyl pro-
tons are visible in thein vivo spectra from normal and
tumor tissue of the brain and prostate [219,220].

Carbon-11-labeled choline first was produced at
Lawrence Berkeley National Laboratory in the early
1980s [221,222] to study brain uptake and con-
version to acetylcholine. It was observed that
[11C]choline was not readily taken up in the normal
brain tissue and that its distribution mimicked that of
[14C]phosphorylcholine. Indeed, [3H]choline studies
demonstrated that the radiolabel in the brain and other
organs was not associated with acetylcholine but rather
phosphorylcholine [223]. It was not until the late 1990s
that the first studies of [11C]choline as a tumor-imaging
agent emerged.

The first reports of [11C]choline imaging prospects
in cancer were in brain tumors where accumulation of
the label was high compared to the surrounding nor-
mal brain tissue, which provided excellent tumor/brain
contrast [224,225]. It also was found that [11C]choline
cleared the blood faster than did FDG, and it of-
fered tumor-to-normal-tissue ratios greater than did
[11C]methionine [224]. Given that the urinary excre-
tion of [11C]choline was minimal, prostate tumors were
discernable easily [226]. Additionally, [11C]choline
PET was more sensitive at detecting bone metastases
than was bone scintigraphy. Thus, [11C]choline is
a suitable PET tracer for primary and metastatic tu-
mors of the brain, prostate, and other regions of the
body [227].

Given the success of the [11C]choline for imaging
a spectrum of tumors, a fluorine-18-labeled choline
was sought. The advantages of a fluorine-18 tracer
are longer half-life, which translates into widespread
availability and shorter positron range, and provides
improved image quality. Several choline analogs that
contain fluorine were examined and yielded two candi-
dates for further study: [18F]fluoromethyl-dimethyl-2-
hydroxyethyl-ammonium(fluorocholine) and 2-[18F]f-
luoroethyl-dimethyl-2-hydroxyethyl-ammonium(fluo-
roethylcholine) [228,229]. Both tracers have been eval-
uatedin vitro and in patient tumor-imaging studies. The
two agents were rapidly taken up by tumors; however,
both exhibited increased excretion through the kidneys
and bladder relative to [11C]choline [229,230]. While
these agents may not be superior to FDG for delineat-
ing abdominal tumors or metastases, they have very
favorable properties for brain tumor imaging and for
improving our knowledge of choline metabolism in a
variety of tumor types.

3.9. PET imaging of infection and inflammation

Radiological techniques such as MRI and spiral com-
puterized tomography can identifyin vivo small focal
abnormalities. However, these methods rely on mor-
phological changes and are not accurate enough in de-
tecting inflammation or infection. They do not provide
information on the state of activity of the process. For
these reasons, nuclear-medicine-based imaging modal-
ities have been used successfully in the last decades to
study inflammation/infectionin vivo [231,232,234]. In
particular, a radiopharmaceutical designed for imaging
infection and inflammation accumulates in the lesion
due to the locally changed physiological condition such
as enhanced blood flow, enhanced vascular permeabil-
ity, and presence of metabolically active white blood
cells. Thus, scintigraphic images largely do not de-
pend on morphological changes. In the last years, to
increase the specificity of scintigraphic imaging, new
receptor-targeted radiopharmaceuticals also have been
synthethized. These can provide useful biochemical
information for diagnosis and therapy decisionmaking.

Nevertheless, the superior image quality, better reso-
lution, and attenuation correction of positron-emitting
radionuclides recently has suggested the use of PET
scintigraphy in the study of inflammation/infection.
As a result of its favorable physical characteristics,
fluorine-18 appears to be the best candidate for la-
belling bioactive peptides [235,236]. Indeed, with the
exception of18F-labelled- and66Ga-labelled or68Ga-
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labelled somatostatin analogs,no peptides have been la-
belled yet for PET use in inflammation/infection imag-
ing [237–239]. The autoradiographic finding that in-
tratumoral [18F]FDG distribution in certain tumors is
highest in the reactive inflammatory tissue (i.e., the ac-
tivated macrophages and leukocytes surrounding the
neoplastic cells) has provided the rationale for using
[18F]FDG in inflammatory lesions [240,241].

In an experimental rat model of turpentine-induced
inflammation, Yamada et al. showed that [18F]FDG
uptake is high in inflammatory tissue and that uptake
is higher in chronic than in acute inflammation [242].
In another rat model of Escherichia coli infection, it
was demonstrated that [18F]FDG uptake is higher than
that of other radiotracers such as 67-gallium, radiola-
belled thymidine, methionine, and human serum albu-
min, particularly in areas rich in inflammatory cells and
in surrounding necrotic regions [243]. Several other
reports have confirmed the potential of [18F]FDG PET
imaging in different types of infection and inflamma-
tion [244–249]. Nevertheless, the routine introduc-
tion of [18F]FDG PET in the field of clinical infectious
imaging is justified only if an added value compared to
more available techniques can be shown; i.e., if patient
management can be altered and if cost-effectiveness
can be demonstrated. Furthermore, it must be well
considered that the specificity of [18F]FDG PET can
be limited by the fact that [18F]FDG accumulates in
sterile inflammatory lesions and tumors.

In conclusion, some indications are especially
promising for [18F]FDG PET [250]. These include (1)
chronic osteomyelitis, especially in the central skele-
ton, where other imaging modalities have shown to be
poorly accurate; (2) fever of unknown origin, where it
seems to be cheaper and preferable over the combina-
tion of CT scan, gallium scan, and radiolabelled-WBC
scan; and (3) AIDS patients, particularly for the differ-
ential diagnosis of CNS lesions and for the early de-
tection of complications. Results obtained so far cer-
tainly are encouraging and will lead soon to the de-
velopment of18F-labelled peptides tailored for spe-
cific and accurate imaging of inflammatory processes.
Particular classes of peptides that are excellent can-
didates for specific receptor imaging in inflammation
and infection include cytokines and chemokines [251].
Some of these have been labelled with iodine-123 or
technetium-99m to produce a new class of radiophar-
maceutical that, by highlightingin vivo the binding to
specific receptors expressed on selected cell popula-
tions, allow the molecular and functional characteri-
zation of immune-mediated processes [232,251,252].

Cytokines and chemokines are soluble proteins pro-
duced by a large variety of activated cells that, via
binding to specific receptors, play an important role in
controlling cell function, motility, homing, neoplastic
transformation, and metastasis [253]. Among the cy-
tokines, chemokines are a large family of small pro-
teins that, after binding with the receptors, are able to
regulate several biological processes, including T cell-
differentiation and trafficking, angiogenesis, extracel-
lular matrix componentproduction, hematopoiesis, and
organogenesis [254,255].

Several groups have radiolabelled IL2 to target T-
lymphocytes and monocytes in chronic, mononuclear-
cell-mediated, inflammatory processes,such as autoim-
mune diseases [256–262], kidney graft rejection [263],
and melanoma characterized by over-expression of
CD25 (interleukin-2 receptors) [264]. Clinical studies
have demonstrated the efficacy of using scintigraphy
to detect radiolabelled IL2 specifically targeted to acti-
vated lymphocytes, which correlates with the severity
of tissue-lymphocytic infiltration and can be used to
monitor the efficacy of therapies [260,261].

In animal models, [125I]IL12p40, a peptide derived
from IL12, a Th1-specific cytokine, showed specific
binding to tissue-infiltrating lymphocytes [265]. Also,
radiolabelled IL1 and IL1 receptor antagonists (IL1ra)
have been studied extensively in animal models of acute
inflammation, where they showed specific binding to
granulocytes, and in humans in rheumatoid arthri-
tis [266–272]. [99mTc]labelled monocyte chemotactic
peptide-1 (MCP-1) has been used recently for the spe-
cific imaging of macrophages in animal models of sub-
acute inflammatory diseases [273], and interleukin-6
has been used for acute inflammation [274].

Among chemokine receptor ligands, several authors
have investigated extensively the use of radiolabelled
interleukin-8 (IL8) in the pre-clinical and clinical set-
ting [275–281]. IL8 is a member of the CXC-family of
chemokines, which bind with high affinity to the type
I and II CXC-receptor that is expressed abundantly on
neutrophils and monocytes.

The deeper knowledge of the pathology of the dis-
eases clarifies mechanisms at the molecular levels that
create the rationale for new applications in molecular
nuclear medicine and, in the future, we will observe
an increase in new radiolabelled peptides for imaging
inflammation, infection, and tumors, both by SPECT
and PET technology. One promising future develop-
ment that deserves attention is the development of PET
imaging agents for cytokine and chemokine receptors,
to define processes of infection and inflammation and
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to distinguish such processes from malignant legions.
Such a development would provide a powerful means
to establish selectively the presence of cancer more ef-
fectively than does PET imaging with [18F]FDG alone.

3.10. Imaging gene expression by PET

A more recent advance in PET imaging involves
the quantification ofin vivo gene expression, although
progress in all respects essentially is in the pre-clinical
stage of development. Several recent, excellent reviews
have been published that cover both PET and SPECT
applications and include induced gene expression in
many organs, such as the heart, brain, liver, lung, and
malignant tumors [282–289]. The target gene can be
one that occurs naturally in the organ or tissue of inter-
est, where the aim of the study is to quantify the expres-
sion of the protein encoded for in that gene. In essence,
all of the PET imaging and quantification of endoge-
nous receptors, enzymes, and proteases really are mea-
sures of gene expression. Alternatively, reporter genes,
through molecular biology manipulations, can be in-
cluded downstream of a therapeutic gene as part of a
synthetic construct. Successful transfection and ex-
pression of the therapeutic gene then is monitored by
imaging the reported gene through radiotracer methods.
Some of the new innovative reporter gene constructs
that have proved effectivein vivo include the herpes
simplex virus 1 thymidine kinase (HSV1-TK) [289–
291], somatostatin receptor subtype 2 (SSTR2) [288],
cytosine deaminase [291,292], and the dopamine D2
receptor [285,292]. All of these could be suitable for
imaging gene promoter activation and repression, sig-
nal transduction pathways, and protein-protein interac-
tions in vivo. One positive aspect of the reporter probe
approach is that the reporter gene can be selected such
that its product can be detectedin vivo by a solidly
validated PET probe. This is an advantage that elim-
inates problems of designing new, effective radiotrac-
ers for each gene of interest, since the same reporter
probe can be used indirectly to report on the expres-
sion of many different primary target genes of interest
for which no PET radioligand exists. The field of re-
porter gene imaging, whether the product is quantified
by PET, SPECT, or non-nuclear-based imaging meth-
ods such as optical or MR imaging techniques, is in
the very early years of development. The future should
provide many novel, exciting, and clinically relevant
applications of this new and emerging technology and,
due to its high sensitivity and quantification potential,
PET imaging is very likely to play a pivotal role.

3.11. Positron-emitting metals used in tumor imaging

Discussion of the use of radio-metallic nuclides
should include mention of the coordination chemistry
associated with incorporating these nuclides into bio-
logically useful molecules. However, such a discussion
is beyond the scope of this review, and the article by
Anderson and colleagues [293] serves as an excellent
starting point for the interested reader. Specific discus-
sions of copper chemistry can be found in reports by
Welch [294] and Ashfield [295]. Nevertheless, the spe-
cific positron-emitting metals that have been explored
over the last five years are listed in Table 1, along with
their modes of production and decay properties.

The imaging studies that make use of the metals
can be characterized as those that involve measure-
ments of blood flow, the hypoxic nature of the tissue in
question, or the receptor status of tumors. Copper-62
(II) pyruvaldehyde bis-(N4-methyl)thiosemicarbazone
([62Cu]PTSM), known for its ability to measure blood
flow in neurological and cardiac studies, has been used
to study the feasibility of monitoring changes in tumor
blood flow [296]. Using the same chemical characteris-
tics, the copper isotopes 60, 62, and 64, combined with
PTSM, have been proposed for identifying multi-drug
resistant (MRD) tumors.

Cu(II)-diacetylbis(N4-methylthiosemicarbazone)
(Cu-ATSM) is reduced rapidly to the Cu(I) form in hy-
poxic tissue, causing it to be irreversibly trapped in this
tissue. Chao et al. [297] labeled ATSM with60Cu and
demonstrated the feasibility of using Cu-ATSM to mon-
itor hypoxic tissue in cooperation with image-guided
radiation therapy.

In an illustration of how modifying the structure of
the ligand can impact the biological qualities of a tracer,
the compound 1,4,8,11-tetraazacyclotetradecane-N,N’,
N”,N”’-tetraacetic acid-Tyr3-octreotate (TETA-Y3-T-
ATE) was synthesized and radiolabeled with64Cu and
its receptor-binding properties were determined. The
characteristics of TETA-Y3-TATE appear to be su-
perior to the other octreotide analog, [64Cu]1,4,8,11-
tetraazacyclotetradecane-N,N’,N”,N”’-tetraacetic acid
-OC ([64Cu]TETA-OC [298].

Of the copper isotopes,64Cu appears to be the most
promising in terms of high-resolution imaging, due
to its low positron-emission energy, and in terms of
widespread usage, because it has a half-life (12.4 hr)
suitable for production at a number of locations and
shipping to distant sites. In this regard, it is much
like 123I, which has a similar half-life. However, with
the relatively short half-life, multiple production cen-
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Table 1
Positron-emitting metallic radionuclides

Isotope T1/2 (h) Methods of production Decay mode Eβ+ (keV)
45Ti 3.1 natSc(p,n)45Ti β+(85%) EC (15%) 1.04
60Cu 0.4 60Ni(p,n)60Cu β+(93%) EC (7%) 3920, 3000, 2000
62Cu 0.16 62Zn/62Cu generator β+(98%) EC (2%) 2910
64Cu 12.7 64Ni(p,n)64Cu β+(19%) EC (41%)β + −(40%) 656
66Ga 9.5 63Cua,n)66Ga β+(56%) EC (44%) 4150, 935
68Ga 1.1 68Ge/68Ga generator β+(90%) EC (10%) 1880, 770
86Y 14.7 86Sr(p,n)86Y β+(33%) EC (66%) 2335, 2019 1603, 1248 1043

94mTc 0.88 natMo(p,n)94mTc β+(72%) EC (28%) 2470
140Pr 0.57 141Pr(p,2n)140Nd β+(50%) EC (50%)

Table adapted from Reichert, Lewis, and Anderson (293). References to the production of the radionuclides can be
found therein.

ters will be required to meet the needs for imaging and
possibly therapy.

The relatively underutilized PET tracer45Ti has
been attached to transferring and used to assess angio-
genisis using rodent models of lung cancer and mi-
croPET [299].

While 66Ga appears to be a suitable gallium isotope
for use in studies requiring a long half-life, its high-
energy positrons may limit its utility for PET imaging.
Nevertheless, the somatostatin analogue DOT ATOC
(DOTA-DPhe1-Tyr3-octreotide) has been labeled with
66Ga and used to image receptor concentration in con-
junction with the possibilities of using its high-energy
betas for internal radiation therapy [265]. This same
ligand also has been labeled with68Ga and shows bet-
ter target to non-target ratios as compared to111In (7).
Ga (III) complexes were tested for their ability to bind
to the P-glycoprotein associated with multi-drug resis-
tance (MDR). While67Ga was used in the studies, the
result indicated that68Ga should be a suitable tracer for
imaging the MRD1 P-glycoprotein [300].

In further experiments to assess the viability of using
gallium isotopes, an investigation of thein vitro andin
vivoperformance of a67Ga complex with cis,cis-1,3,5-
triaminocyclohexane-N,N’,N"-triaceticacid (tachta) as
a potential ligand for use as a Ga(III) radiopharmaceu-
tical for PET imaging was undertaken [301]. Accord-
ing to the authors, serum stability experiments demon-
strated that at 5 hours [67Ga](tachta) exists in serum as
a free complex; that at 24 hours, 30% of [67Ga](tachta)
is reversibly bound to transferrin-albumin fraction of
serum; and that this percentage remains unchanged for
a period of 4 days. The biodistribution data also appear
favorable for the complex’s usage as a PET tracer.

Tumor contrast enhancement has been obtained us-
ing a multi-step targeting approach consisting of the se-
quential administration of an antitumor/antihapten bis-
pecific antibody (BS-MAb), a blocker to saturate the

antihapten binding sites of the BS-MAb that remains
in circulation, and a low-molecular-weight Ga chelate,
labeled with the positron emitter68Ga, which serves as
the hapten [302]. Good tumor uptake was observed.

Two metals have been used as surrogate markers
for their corresponding SPECT/therapy radionuclides.
Tc-94m has been used to label an antibody agent as a
means for quantifying its SPECT isotope,99mTc, while
86Y(11) has been used in place of90Y, which has no
imageable photons, to monitor bio-distributions [303,
304]. Pentolow et al. determined that the coincident
photons associated with86Y decay obscure the image,
making quantification difficult. However, this problem
can be corrected with a simple sinogram subtraction
routine.

The issue of supply always is a concern in developing
either new applications of existing radioisotopes or the
introductionof new tracers. In this regard, there are two
radionuclides that are supplied from generators (see
Table 1). While the62Zn/62Cu generator has attractive
chemical features, it suffers from the need to produce
the parent62Zn on a daily basis with only regional
access because of the short half-life of62Zn (9.3 hr).

The lanthanides offer a unique opportunity to study
subtle chemical changes as the choice of chemical prop-
erties gradually changes in moving through the series.
However, there only are a few radioisotopes in the lan-
thanide series that decay via positron emission. One
of these is the short-lived140Pr. While its half-life ap-
pears too short for most applications, its use has been
enhanced by supplying it from anin vivo generator.
Thus, the140Nd/Pr pair is interesting in that the chem-
istry of the parent is of importance since it becomes
the vehicle for delivery, while the imaging is achieved
from the positron decay of140Pr [305]. In the reported
work, the 140Pr remained localized over a period of
120 hours. Further validation of this approach is re-
quired with a variety of chelating agents. The68Ge/Ga
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generator has been around for more than 20 years, yet
its incorporation into wide usage has been slow. Of
all of the generator systems for PET radioisotopes, it
holds the most promise because the half-life for68Ge is
nearly a year and its production rate is sufficiently high
to meet a wide distribution. The one deficiency is the
short half-life of 68Ga (68 minutes) that will limit its
usage to those applications with rapid uptake/clearance
kinetics.

3.12. PET in drug research and development

The application of imaging in drug development has
been discussed for many years. The primary motiva-
tion for this strategy is to make more informed deci-
sions, which may have immediate financial and strate-
gic impacts for the company as a whole, earlier in a
program. Biomarkers for these types of drug develop-
ment questions can be divided broadly into three ar-
eas: (1) measurement of drug interactions or pharma-
cokinetics (PK) at the target site, (2) evidence of ac-
tivity/modulation at the target site, and (3) evidence of
clinical benefit.

PET radiopharmaceuticals, by virtue of their highly
specific activities, are well positioned to address issues
associated with areas (1) and (2) above. In the case of
CNS drug development, knowledge of drug occupancy
of a central compartment relative to the plasma PK is
invaluable in terms of selecting dose and dose regimen
to obtain the desired therapeutic benefit. This topic
has been reviewed recently [306–315], and at least one
society that is focused on the use of PET and other
non-invasive imaging modalities in drug evaluation has
evolved (see Society of Non-Invasive Imaging in Drug
Development, SNIDD, at http://www.snidd.org).

To develop this concept further, we next consider
the role of PET radiopharmaceuticals in two scenarios:
(1) Assessment of Drug PKs and (2) Assessment of
Response to Therapy.

3.12.1. Assessment of drug pharmacokinetics
By radiolabeling an oncologic agent with positron-

emitting radionuclides, one can assess, non-invasively,
tissue and tumor PK distinct from plasma PK that is
measured through blood sampling. These concepts
have been reviewed and a number of interesting arti-
cles have been published [310,314,316–319]. A good
example is 5-Fluorouracil, a cytotoxic agent that has
been in clinical use for more than 30 years. Its mech-
anism of action requires anabolism to nucleosides and
nucleotides that inhibit RNA processing and DNA syn-

thesis. Unfortunately, almost 80% of systematically
administered 5-FU is degraded through catabolism to
α-fluoro-β-alanine (FBAL). PET imaging studies with
5-[18F]FU have demonstrated [314–319] that time-
activity curves over the liver are representative of the
catabolism to FBAL. This strategy was used to non-
invasively assess the ability of eniluracil (an inactiva-
tor of dihydropyrimidine dehydrogenase) to modulate
the tissue PK of 5FU. Decreased liver uptake and in-
creased tumor half-life of the radiotracer accompanied
increased plasma uracil levels following treatment with
eniluracil (20 mg, twice daily for 4 days), suggestive of
increased exposure of the tumor to 5-[18F]FU and its
anabolites.

Another key application of radiotracers is confirma-
tion that a drug is interacting with the desired target. A
recent application [320] involved the use of anti-VEGF
humanized monocloncal antibodies (HuMV833) as an-
tiangiogenic agents in a phase 1 trial. A compo-
nent of the study utilized HuMV833 radiolabeled with
the positron nuclide iodine-124 (half-life 4.2 days).
The [124I]HuMV833 was co-administered with vary-
ing doses of the therapeutic agent, and PET imaging
was used to assess the distribution and clearance of
the radiotracer from tissues. MRI was used to mea-
sure vascular permeability, and as such, assess the anti-
angiogenic effects of the drug. The study determined
that there was a wide variation in clearance from tu-
mors but homogenous PK in other tissues. There was
no clear relationship between plasma PK and the PET-
determined clearance of HuMV833 from tumors. Not
surprisingly, the measurements of permeability change
(and as such biological activity) also were very mixed.
Combined, these results demonstrate that assessment
of novel angiogenic therapies is complex but that imag-
ing markers of PK can help in understanding pharma-
codynamic variability.

As with CNS-targeted drugs, a good anti-cancer
agent ideally localizes well in tumor tissues, clears
readily from normal organs, and interacts with a tar-
get site to elicit a biological response. Anti-cancer
drug behaviorin vivo typically is monitored indirectly
by assessing plasma drug levels over time and by the
classical pharmacokinetic measurements (adsorption,
distribution, metabolism, and elimination, or ADME).
While PET radiotracer methods can serve to visualize
such parameters if the drug is labeled directly with a
positron-emitting isotope, a potentially more important
contribution stems from the use of tracer methods to
monitor downstream biochemical responses of tumor-
associated cells to drug treatment to report on drug effi-
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cacy. While the use of PET in CNS drug development
is increasing rapidly, such methods for the evaluation of
anti-cancer drugs are not as mature. Factors that con-
tribute to the slower application of PET in monitoring
tumor therapy include the known heterogeneous cel-
lular composition and unpredictable blood flow of tu-
mors, which leads to difficulties in tracer kinetic model-
ing. Another such factor is the need to assess many key
target receptors, enzymes, or second messenger sys-
tems involved in tumor processes, including angiogene-
sis, apoptosis, proliferation, invasion, and up-regulated
genes for which no effective PET tracers currently exist.

3.12.2. Assessment of response to therapy
The biological response of a tumor to therapeutic in-

tervention can be assessed in a number of ways using
PET, and there are a number of PET radiopharmaceu-
ticals that have been studied as tools to monitor these
phenomenon. The most widely used PET radiophar-
maceutical is [18F]fluordeoxyglucose; uptake of this
is enhanced in most malignant tumors. A number of
small clinical trials have indicated that quantification of
the change in tumor [18F]FDG uptake may provide an
early, sensitive, pharmacodynamic marker of the tumo-
ricidal effect of anti-cancer drugs [198]. A recent ex-
ample is illustrated in the work by Van den Abbeele and
colleagues [321] in looking at the effects of Gleevec in
patients with gastrointestinal stromal tumors (GIST).
In a study of 64 patients, a decrease in SUV to� 2.0
on or prior to 21–40 days was predictive of long-term
clinical response, while SUV> 2.0 was suggestive of
poor clinical response/progression.

Other examples of studies in which PET has facil-
itated anti-tumor drug evaluation include mainly the
monitoring of radiolabeled drug to assess tumor uptake
and PK, the use of FDG to monitor tumor size and
metabolic status, administration of [11C]thymidine or
radiolabeled amino acids to monitor cellular prolifera-
tion rates, and radiolabed substrates of multi-drug re-
sistance (MDR)-associated pumps to monitor drug ef-
flux potential in tumors [322–328]. Future direction
of research will involve the development of radiola-
beled probes to monitor some of the biochemical mark-
ers associated with a desired chemotherapeutic effect
rather than imaging the target receptor directly. Such
targets might include proliferation-associated proteins
including Bcl2, cell-invasion-associated proteases such
as Cathepsins B and K, and angiogenic markers includ-
ing endoglin and tie-2.

Monitoring of tumor-associated, MDR-associated
proteins in cancer patients by PET is worthy of further

comment. MDR is a kind of resistance of cancer cells
to the effects of many structurally and mechanistically
unrelated classes of chemotherapic drugs. Classical
MDR involves an altered membrane cell transport that
results in lower intra-cellular concentrations of thera-
peutic drug. This is due to the over-expression of a
variety of proteins that act as ATP-dependent extru-
sion pumps. P-glycoprotein (Pgp) and MDR protein
(MRP1) are the main members of the family of so-
called ABC transporters. It is apparent that, aside from
their role in cancer cell resistance, these proteins have
multiple physiological functions, since they also are ex-
pressed in many normal tissues. Since the presence of
such pumps in malignant lesions constitutes resistance
to therapy, non-invasive detection of the presence of ef-
flux pumps in tumors can be highly important in deter-
mining whether a particular course of treatment will be
effective. Such detection is performed by monitoring
low uptake of PGP- or MDR-protein-targeted radiotrac-
ers in a particular lesion, while significant uptake and
good retention of such radiotracers indicates an absense
of such efflux mechanisms. Currently, there are a few
effective SPECT PGP and MDR radiotracers, including
[99mTc]sestimibi and [99mTc]tetrofosmin [329–333].
Only a handful of PET tracers, including Gallium (III)
lipophilic cation substrates, and carbon-11 labeled PGP
substrates, such as verapamil and daunorubicin, have
been reported for these sites, all of which currently
are in the preliminary stages of development [300,332,
334–336]. It has been hypothesized that developing
of PET PGP tracers would provide a more effective
way to quantify these sites in tumors as compared to
correspondingevaluations carried out by SPECT imag-
ing. This provides the impetus for the development
of PET analogs for the assessment of PGP and MDR
efflux pumps. It remains to be demonstrated whether
PET provides an advantage over SPECT in regard to
quantification of active PGP and MDR proteins in the
clinical setting. Several reviews on the use of imaging-
MDR-associated efflux pumps by PET and SPECT
methods have been published [332,337–339].
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