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The role of positron emission tomography (PET) during the past decade has evolved rapidly from that of a pure research tool to
amethodology of enormous clinical potential. 18F-ﬂuorodeoxyglucose (FDG)-PET is currently the most widely used probe in the
diagnosis, staging, assessment of tumor response to treatment, and radiation therapy planning because metabolic changes gen-
erally precede the more conventionally measured parameter of change in tumor size. Data accumulated rapidly during the last
decade, thus validating the efficacy of FDG imaging and many other tracers in a wide variety of malignant tumors with sensi-
tivities and specificities often in the high 90 percentile range. As a result, PET/computed tomography (CT) had a significant
impact on the management of patients because it obviated the need for further evaluation, guided further diagnostic procedures,
and assisted in planning therapy for a considerable number of patients. On the other hand, the progress in radiation therapy
technology has been enormous during the last two decades, now offering the possibility to plan highly conformal radiation dose
distributions through the use of sophisticated beam targeting techniques such as intensity-modulated radiation therapy (IMRT)
using tomotherapy, volumetric modulated arc therapy, and many other promising technologies for sculpted three-dimensional
(3D) dose distribution. The foundation of molecular imaging-guided radiation therapy lies in the use of advanced imaging
technology for improved definition of tumor target volumes, thus relating the absorbed dose information to image-based patient
representations. This review documents technological advancements in the field concentrating on the conceptual role of mo-
lecular PET/CT imaging in radiation therapy treatment planning and related image processing issues with special emphasis on
segmentation of medical images for the purpose of defining target volumes. There is still much more work to be done and many of

the techniques reviewed are themselves not yet widely implemented in clinical settings.
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Advances in genomics, proteomics, and biomedical tech-

nology are changing the practice of medicine in a profound
way (1,2). The role of positron emission tomography (PET)
during the past decade has evolved rapidly from that of a pure
research tool to a methodology of enormous clinical potential
3). 18F-ﬂuorodesoxyglucose (FDG)-PET is widely used in
the diagnosis, staging, and assessment of tumor response to
therapy, since metabolic changes generally precede the more
conventionally measured parameter of change in tumor size.
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Data accumulated rapidly during the last decade to validate
the efficacy of FDG-PET imaging in a wide variety of ma-
lignant tumors with sensitivities and specificities often in the
high 90 percentile range. Although molecular PET/CT im-
aging is an obvious choice, the design of specific clinical
protocols is still under development. The tracers or combi-
nations of tracers to be used (eg, for imaging metabolism,
hypoxia, and cell proliferation), when and how the imaging
should be done after therapy, the selection of optimal
acquisition and processing protocols, and robust algorithms
for accurately performing quantitative or semiquantitative
analysis of data are still undetermined. Moreover, each
tumor-therapy combination may need to be independently
optimized and validated. There have been multiple studies
that have demonstrated the role of PET/CT especially for
oncologic applications (4—6). It should be emphasized that
much worthwhile research was carried out. However, there
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are still many open questions offering many opportunities for
future research.

Dual-modality techniques offer a critical advantage over
separate computed tomography (CT) and PET scanning in
correlating functional and anatomical images without mov-
ing the patient (other than table translation). Different designs
of combined PET/CT scanners were developed for diagnostic
purposes in clinical oncology and have been commercially
available since the beginning of this century (7). This tech-
nique thereby produces anatomical and functional images
with the patient in the same position and during a single
procedure, which simplifies the image registration and fusion
processes (8). In seeking to achieve accurate registration of
the anatomical and functional data, dual-modality imaging
offers several potential advantages over conventional imag-
ing techniques. First, the PET and x-ray CT images are
supplementary and complementary. PET images can identify
areas of disease that are not apparent on the CT images alone
(9). The latter provide an anatomical context that interpreters
use to differentiate normal radiotracer uptake from that in-
dicating disease and to help localize disease sites within the
body. Second, the low noise x-ray CT data can be used to
generate a patient-specific map of attenuation coefficients
and other a priori anatomical data, which in turn are used to
correct the PET emission data for errors from photon atten-
uation (10), scattered radiation (11), and other physical
degrading factors such as partial volume effect (12). In these
ways, the CT images can be used to improve both the visual
quality and the quantitative accuracy of the correlated
radiotracer data (13).

In parallel, radiation therapy (RT) has gone through a se-
ries of revolutions in the last two decades, now offering the
possibility to produce highly conformal radiation dose dis-
tribution by using techniques such as intensity-modulated
radiation therapy (IMRT) using tomotherapy, volumetric
modulated arc therapy, and many other RT units for dose
painting. The improved dose conformity and steep dose
gradients have necessitated enhanced patient localization and
beam targeting techniques for radiotherapy treatments (14).
Components affecting the reproducibility of target position
during and between subsequent fractions of RT include the
displacement of internal organs between fractions and inter-
nal organ motion within a fraction. Image-guided radiation
therapy (IGRT) uses advanced imaging technology to better
define the tumor target and is the key to reducing and ulti-
mately eliminating the uncertainties (15).

In general, anatomical cross-sectional images (CT and
magnetic resonance imaging [MRI]) are used to delineate the
treatment volumes, and radiation treatment portals are de-
signed to entirely cover the planning treatment volume and
deliver a uniform dose distribution to it. The ability of IMRT
to deliver nonuniform dose patterns by design has raised the
question of how to ““dose paint” and ‘‘dose sculpt” (16,17).

In this regard, it was suggested that molecular imaging using
PET/CT may be of additional value (18-23) even if the issue
is still controversial (24,25). PET allows a more correct de-
lineation of gross tumor volume (GTV) and planning target
volume. It should, however, be emphasized that much sci-
entific research and clinical studies are needed before this
potential can be realized. The recent enthusiasm in the use
PET/CT-guided RT treatment planning is stimulated by the
commercial availability of advanced imaging technologies
and their incorporation in treatment planning software of-
fering the possibility to integrate data from different depart-
ments and even from different hospitals into RT treatment
planning (26). One of the main difficulties encountered by
radiation oncologists is the delineation of the treatment
volume from noisy PET data (13). Identification of lesion
boundaries in general is not a trivial problem as whole-body
images exhibit inhomogeneity (27). Another challenge for
the industry is to provide an easy, open, and vendor-inde-
pendent platform for incorporating the PET/CT information
in a DICOM-compatible format into the RT dose planning
software.

This review documents technological advancements in the
field focusing on the conceptual role of molecular PET/CT
imaging in RT treatment planning and related image pro-
cessing issues with special emphasis on segmentation of PET
images for the purpose of defining target volumes.

PROGRESS IN RT TECHNOLOGY

Ionizing radiation has been a proven cancer therapy
technique for more than a century (28,29). Steady techno-
logical advancement in imaging has led to continuing im-
provement and expanding applications of RT, allowing,
among others a 3D guided target definition (30,31). Indeed,
the passage from fluoroscopy to CT in the late 80s permitted
to obtain a better definition of the target in 30%—70% of
patients treated with RT (32). CT imaging has shifted the
focus of treatment planning and guidance from inferring
disease location based on radiographic bony landmarks to
a more direct method of using soft tissue to define both the
tumor target and the normal organs in 3D. This anatomically
conformal approach attempts to maximally avoid normal
tissues, to reduce the radiation induced toxicity and to enable
dose escalation. A greater degree of flexibility is required in
the case of target volumes close to sensitive organs, such as
the salivary gland, optic nerves, or the spinal cord. This can
be achieved by using a larger number of incident beams and
by subdividing the beam area into a series of smaller beam
segments. This approach began to emerge in the middle of the
1990s and is known as IMRT. IMRT is a logical evolution of
the 3D conformal therapy approach. It enables the tumor to
be treated with a uniform high dose of radiation while
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decreasing the radiation received by the surrounding organs
by using segments of varying intensity to sculpt a much
tighter dose distribution around the target. This technique has
been rapidly applied to almost all types of tumors and has
demonstrated its utility (14). One of the known drawbacks of
this technique is that it is time consuming (requires hours of
manual tuning to determine an effective radiation treatment
plan for cancer patients). Much worthwhile research is being
carried out to automatically determine optimal radiation
treatment plans (using, for example, machine learning,

a subfield of artificial intelligence) in few minutes without
compromising the quality of treatment (33).

Small brain tumors and certain benign brain disorders can
be treated with stereotactic radiosurgery, which is based on
a mechanical fixation frame adopted from neurosurgery ap-
plications. This provides an external 3D reference system to
accurately localize the intracranial target. Despite its name,
stereotactic radiosurgery is a nonsurgical procedure that uses
highly focused x-rays to treat certain types of brain tumors.
Stereotactic radiosurgery directs high doses of RT in a single
session. When the treatment is applied in a small number of
fractions, it is referred to as stereotactic RT. Stereotactic body
RT (34) extends radiosurgery principles to disease through-
out the entire body and imposes more stringent requirements
on the accuracy and precision of treatment planning, patient
positioning, and management of organ motion. It enables
physicians to adjust the radiation beam based on the position
of the target tumor and critical organs while the patient is in
the treatment position.

There are essentially two approaches to account for tumor
motion: minimization of target motion via immobilization, or
alternatively to account for physiologic tumor motion via
tracking or gating. Active or passive breath-hold techniques
fix the tumor in a stable position for a short period. The beam
is then activated when the breath is held with the proper tidal
volume. Another immobilization approach uses abdominal
compression that limits diaphragmatic excursion, and
thereby the respiratory motion of the tumor. This substan-
tially restricts tumor motion allowing for smaller treatment
margins. Respiratory gating can reduce the deleterious ef-
fects of intrafraction motion (35) by synchronizing treatment
with the patient’s respiratory cycle (36-39).

Gating requires real-time assessment of the respiratory
cycle, and activating the beam at a particular phase of the
respiratory cycle (eg, end-inhale or end-exhale), while
maintaining the radiation beam in a fixed position. Tracking
usually involves the use of a surrogate for tumor motion, such
as a fiducial marker. Both gating and tracking typically rely
on a close reproducible relationship between the surrogate
and tumor, although in the ideal situation the tumor would be
directly visualized with image guidance (38). Similar devel-
opments have been carried out using combined PET/CT
imaging considering that motion occurs because of respira-
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tion, cardiac motion, peristalsis, and bladder filling, all of
which can lead to motion blurring or misregistration errors
between the PET and CT image acquisitions (40—47). Re-
spiratory motion remains a major source of error in correct
localization and accurate quantitation of lesion activity and
treatment planning using combined PET/CT units.

It was reported in a study including 300 patients with
proven liver lesions that approximately 2% appeared to have
the lesion localized in the lung from respiratory motion (48).
A more recent study examined 100 clinical PET/CT studies
for the frequency and magnitude of misalignment at the di-
aphragm position between the CT and the PET data (49).
There was a misalignment between the CT and the PET data
in 50 patient studies (50% of cases). The misregistration was
greater than 2 cm in 34% of cases whereas it was 2—4.5 cm in
3% of cases. Care therefore must be taken when interpreting
results from patients with disease in periphery of the lung
where noticeable radiotracer uptake may be contributed by
respiratory-induced motion artifacts rather than disease.

In comparison to 3D-RT, four-dimensional RT requires
very high accuracy in space and in time for tumor localization
and needs IGRT (15,50,51). Four-dimensional RT is the
explicit inclusion of the temporal changes in anatomy during
the imaging, planning, and delivery of RT. New innovations
in IGRT, such as cone-beam CT, are making this practical by
acquiring CT images before each treatment to permit verifi-
cation and adjustment of the target position. Robust and
computationally efficient algorithmic design is the restrictive
aspect in accomplishing highly accurate and precise dose
delivery to the complex anatomy of cancer patients (52).

Existing radiation treatment delivery units for IGRT
integrating patient immobilization and respiratory control
devices, such as tomotherapy, the Novalis Shaped Beam
Surgery unit (BrainLAB), CyberKnife, and many other
devices are now commonly used in academic RT facilities.
Tomotherapy (Tomotherapy Inc, Madison, WI) uses a rota-
tional delivery and moving table approach so that the radia-
tion beam follows a dynamic helical pattern (53,54). It is
based on IMRT delivered throughout continuous 360° rota-
tions using a binary multileaf collimator. RapidArc technol-
ogy was recently introduced by one of the major vendors
(Varian Medical Systems, Palo Alto, CA) to allow volu-
metric arc therapy thus delivering a precisely sculpted 3D
dose distribution with a single full rotation of the linear
accelerator (linac) gantry (55,56). It incorporates advanced
capabilities such as variable dose-rate, variable gantry speed,
and accurate and fast dynamic multileaf collimators, to op-
timize dose conformality, delivery efficiency, accuracy, and
reliability (57).

BrainLAB uses a 6-MV linear accelerator with micro-
multileaf collimators ranging in leaf widths from 3 to 5.5 mm.
Two 2-keV orthogonal x-ray cameras reveal bony landmarks
or implanted fiducial markers whose position is compared
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with their expected position on digitally reconstructed
radiographs generated from the CT simulation. The Cyber-
Knife (Accuray) uses a frameless image-guided process to
direct a lightweight linear accelerator mounted on a robotic
arm along six spatial axes providing broader translational and
rotational movement. Two orthogonal, diagnostic x-ray
cameras are mounted on the ceiling and provide real-time
imaging for tracking. Implanted fiducials or reliable bony
landmarks are used to localize the tumor and deliver treat-
ment in real time. Multiple isocenters can be used during one
treatment.

Technological innovation continues to improve the accu-
racy and precision of RT. Heavy and light ions as well as
proton beams have physical properties that can help to reduce
normal tissue damage (58—61). Because of their mass, ions
and protons interact intensively along their tracks and stop
when they reach a depth related to their initial energy. Con-
sequently, very little dose is deposited in normal tissues that
lie beyond the target volume. Furthermore carbon ions offer
biologic advantages owing to an increased relative biologic
effectiveness within the Bragg peak region. This leads to
improved dose distribution, permitting dose escalation within
the target and avoiding radiation-induced injuries to critical
organs. Therefore, RT with heavy charged particles such as
protons and ions suggests a clinical gain in poorly radiosen-
sitive tumors and tumors located close to critical organs such
as the spinal cord. Potential indications include tumors with
a low «/@ ratio such as chordomas, low-grade chondrosar-
comas, and adenoid cystic carcinomas (62,63). Furthermore,
it is beneficial in the treatment of pediatric diseases and in eye
tumors (64—67). However, the cost associated with building
the highly sophisticated infrastructures required and the daily
operation of proton and ion beam treatment facilities limited
their use to a few centers worldwide. Nevertheless, proton
therapy has lately become more and more popular and new
proton treatment centers have been recently established and
others are planned in various places around the world.

The selective energy deposition of heavy ion therapy has
led to a growing interest in quality assurance techniques for
dose verification such as “in-beam” PET (68). Owing to the
current lack of commercial solutions in the beginning, various
“in-beam” PET (69-71) and, later, PET/CT (72,73) systems
have been developed or assessed in academic settings. In
particular, the challenges posed by this unconventional ap-
plication of PET and PET/CT involving low count rates that
are orders of magnitude lower than those encountered in di-
agnostic imaging since the signal of interest is comparable to
the noise originating from the intrinsic radioactivity present in
current lutetium orthosilicate; lutetium yttrium orthosilicate
(LSO/LYSO) detectors is also worth mentioning (73). Despite
the promising results obtained so far for dose verification using
PET, it is unlikely that future commercial radiation therapy
units will include dedicated PET systems as a key component

of such systems considering the cost and complexity of the
technology. History showed that industry is willing to translate
these research advances into commercial products only if the
benefits conveyed to patients by any new technology are
clinically proven as demonstrated by improvements in health
outcomes with an acceptable level of patient cost-effective-
ness. Operating such units requires extensive technical and
organizational efforts that may restrict its use to academic
centers having the required scientific and technical resources.

More recently, a novel hybrid MRI-linac technology
combining a linac and MRI system on the same gantry was
developed. The system comprises a 6-MV linac mounted on
the open end of a biplanar, low field (0.2 T) MRI magnet on
a single gantry having the capability to freely rotate around
the patient (74). The opening between the planes of the bi-
planar MRI system is about 27 cm, large enough for a head.
The system was designed in such a way to avoid mutual
magnetic and radiofrequency interferences allowing for
areal-time MRI while irradiated by the linac. The first images
generated using this system in December 2008 for proof of
principle demonstrated that the MRIs during 6-MV irradia-
tion do not show significant distortions and are very similar to
those obtained before irradiation, although a small difference
in signal-to-noise ratio between images was reported.

ADVANCES IN ANATOMOLECULAR PET/CT
IMAGING INSTRUMENTATION

In late 1980s and early 1990s, investigators from the Uni-
versity of California, San Francisco, led by late Dr. B. Hase-
gawa pioneered the development of a hybrid single-photon
emission computed tomography (SPECT)/CT device which
could record both SPECT and x-ray CT data for correlated
functional/structural imaging using an array of semiconductor
(HPGe) detectors (75). Later, Dr. Townsend and coworkers
(University of Pittsburgh) pioneered in 1998, the development
of combined PET/CT imaging systems. These have the capa-
bility to record both PET emission and x-ray CT data for
correlated functional/structural imaging (76). This hybrid unit
consists of two separate devices, namely a PET and a CT
scanner, linked by one common bed and workstation console
where data from both modalities are acquired sequentially
rather than simultaneously as planned during the earlier con-
ceptual design of the machine (77). Both the CT component
and the PET detectors were mounted on opposite sides of the
rotating stage of the CT system and imaged a patient with
a common patient table translated between the centers of the
two tomographs which are offset axially by 60 cm. The PET/
CT system had a specially designed patient table that was
designed to minimize deflection when it is extended into the
patient port. The PET/CT prototype was operational at the
University of Pittsburgh between May 1998 and August 2001,
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during which more than 300 cancer patients were scanned
(78). The success of these initial studies prompted significant
interest from the major medical imaging equipment manu-
facturers who have introduced commercial PET/CT scanners
for clinical use since the beginning of the 21st century.

Modern commercially available dedicated cylindrical full-
ring PET tomographs are still considered to provide state-of-
the-art performance for whole-body scanning (79) whereas
various geometries were suggested for dedicated high reso-
lution brain (80), female breast (81,82) and prostate (83)
scanning. There is also a renewed interest in old technologies
such as time-of-flight PET thanks to the development of
faster scintillation crystals and electronics that made this
approach feasible on commercial clinical systems (84,85).
On the other hand, despite the concerns raised regarding ra-
diation exposure particularly to children (86), the progress in
CT technology has been immense during the last two decades
allowing the introduction of CT scanners with up to 256 (87)
and even 320 (88) slice capability and many novel technol-
ogies such as dual-source CT, C-arm flat-panel-detector CT
and micro-CT (89,90).

Commercial PET/CT systems are usually configured by
designing a gantry that mounts a stationary PET detector ring
in tandem with a platform that rotates the CT imaging chain
around the patient using a mechanical configuration similar
to that used in a conventional diagnostic CT scanner. The CT
study typically is used for both localization of the tracer up-
take as well as for attenuation correction of the PET data set.
In these ways, the CT data can be used to improve both the
visual quality and the quantitative accuracy of the correlated
PET data. Current commercial PET/CT systems consist of
multislice spiral CT of up to 64 slice capability, thus allowing
cardiac imaging to be performed with a high temporal reso-
lution. In addition, the use of CT for attenuation correction of
the corresponding PET data increases patient throughput by
approximately 30% in comparison to conventional radionu-
clide transmission sources (91). However, CT also increases
patient dose and despite the significant progress achieved in
CT-based attenuation correction during the last decade, some
problematic issues still remain open research questions and
are being investigated by many active research groups
(10,92).

The advent of combined PET/CT units is a prominent
example of advance in molecular imaging technology that
offers the opportunity to modernize the practice of clinical
oncology by improving lesion localization and facilitating
treatment planning for RT (7). There are, however, several
important challenges that must be overcome. This includes
appropriate handling of potential artifacts that may arise due
to effects such as respiratory-induced misregistration of the
PET and CT data, truncation artifacts owing to discrepancy
between fields of view in a dual-modality system, the pres-
ence of oral and intravenous contrast medium, artifacts from
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metallic implants, beam hardening artifacts caused by the
polychromatic nature of CT x-rays, x-ray scatter in CT
images for future generation cone-beam geometries, and
other CT artifacts from any source (10,93).

The major area of clinical use of PET/CT is in oncology,
where the most commonly used radiopharmaceutical is
"8E_.FDG. FDG-PET has already had a huge valuable out-
come on cancer treatment and its use in clinical oncology
practice continues to develop (5,6,94). The advantages of
combining morphological and functional imaging (com-
pared to PET or CT alone) have been clearly demonstrated
by numerous publications for a wide variety of applications
(78,95-97). There is an abundant literature reporting patient
studies where the combined PET/CT images provided ad-
ditional information, thus impacting the characterization of
abnormal FDG uptake and influencing patient management
(4-6,94).

As diagnostic techniques transition from the systems to
the molecular level, the role of multimodality imaging
becomes ever more important. Even if the combination of
PET and MRI in a single gantry to enable truly simultaneous
acquisition is technically challenging owing to the strong
magnetic fields, this technology will allow to bridge the gap
between molecular and systems diagnosis. Both imaging
modalities offer richly complementary information about
disease; their integration into a combined system offering
simultaneous acquisition will capitalize the strengths of each,
providing a hybrid technology that is significantly better than
to the sum of its parts (98). The recent introduction of hybrid
PET/MRI technology is considered by many experts as
a major breakthrough that will potentially lead to a revolu-
tionary paradigm shift in healthcare and revolutionize clinical
practice (99). Several active research groups in academic and
corporate settings are focusing on the development of various
configurations of MRI-compatible PET inserts to allow
simultaneous scanning using the most highly sophisticated
molecular imaging technologies available today (100). Sig-
nificant progress has been made resulting in the design of few
preclinical PET/MRI scanners and one human prototype
(BrainPET) dedicated for simultaneous PET/MRI brain
imaging (101).

The BrainPET PET/MRI system is being assessed in
a clinical setting and could indeed be used for delineation of
brain tumors for RT treatment planning. The feasibility of
MRI-guided attenuation correction (102—104) and the pro-
spective applications of a whole-body PET/MRI system are
under way (105-108). Such a system, when available, could
certainly be a valuable tool for PET/MRI-guided RT treat-
ment planning, particularly for localizations where the tu-
mors are better visualized on MRI as compared to CT owing
to the high soft-tissue contrast. Another advantage inherent to
the modality is the possibility to perform MRI spectroscopy
to measure the regional biochemical content and to assess
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metabolic status or the presence of neoplasia and other dis-
eases in specific tissue areas (109).

PROGRESS IN NEW CANCER-SPECIFIC PET
PROBES

The introduction of FDG and a multitude of novel probes
have clearly demonstrated the enormous potential of nuclear
medicine as an emerging discipline in the field of molecular
imaging (110,111). It can arguably be stated that FDG-PET,
as a single modality, has made an everlasting impact on the
specialty of nuclear medicine. In fact, it has rejuvenated the
field and has changed its image in the medical community. It
is not an exaggeration to speculate that in the coming years,
the number of FDG-PET images performed in most facilities
will exceed that of all other procedures performed with
radiolabeled compounds. This recognition led our distin-
guished colleague Henry Wagner to name FDG as the
“Molecule of the Century” because of its unequaled impact
on the evolution of the specialty of nuclear medicine.

Oncological PET probes (other than FDG) can be broadly
categorized into three groups: those labeled with '°F, ''C,
and other tracers (112). Fluorine-18 and ''C can be used to
label with different amino acids, substrates involved in fatty
acid synthesis, protein synthesis, amino acid transport sub-
strate and tracers related to nucleic acid synthesis. The same
radionuclides can also be labeled with specific ligands for
receptor imaging (ie, estrogens, dihydrotestosterone, or
somatostatin). Many other radiotracers can be labeled with
%8Ga, ®°Cu, or **Cu that target cell hypoxia, bone metabo-
lism, and receptors. Some of these tracers with more specific
mechanism of uptake have shown potential and seem
promising particularly in some cancers where conventional
FDG imaging has limited role (113).

The recent progress in the development of tracers targeted
to other aspects of tumor biology, including cell growth, cell
death, oncogene expression, drug delivery, and tumor
hypoxia will significantly enhance the capability of clinical
scientists to differentiate tumors and are likely to be used to
guide treatment decisions. The contribution of PET to
understanding the clinical biology of cancer and to guiding
targeted, individualized therapy will continue to grow with
these new developments (4,114).

Several new tracers are expected to be approved and rou-
tinely used in the coming years. Agents that measure regional
hypoxia in malignant tumors (eg, '*F-FMISO, '*F-2-(2-nitro-
(1)H-imidazol-1-y1)-N-(2,2,3,3,3-pentafluoropropy 1 )-acet-
amide (EF5), ®®Cu-ATSM) (115-118) and possibly in some
benign disorders will be more frequently employed (119).
Hypoxia is considered the main factor in lack of response
following radiation or chemotherapy. Therefore, in patients
with hypoxia, radiation, or chemotherapy may be postponed
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until optimal oxygen levels have been restored in the tumor. In
certain cancers, ' *F-labeled fluorothymidine may prove to be
of value in monitoring response to therapy instead of FDG
(120). This tracer, however, does not appear optimal for
diagnostic purposes because it is insensitive for detecting slow
growing tumors. '®F-labeled DOPA is being used for the di-
agnosis of Parkinson’s disease (121) and will be more widely
adopted as a diagnostic tool for the imaging of neuroendocrine
tumors (122,123). ®®Ga-labeled DOTA octreotide and '**I-
labeled MIBG also appear to have the promise of improving
the management of patients with neuroendocrine tumors.
Peptides containing amino acid sequence arginine-glycine-
aspartate appear to have an affinity toward integrins that are
present on activated endothelial cells in tumors with angio-
genesis (124). '®F-galacto-arginine-glycine-aspartate is

a tracer developed for specific imaging of {alpha}v{beta}3
expression, a receptor involved in angiogenesis and metastasis
that proved to be particularly useful in patients with squamous
cell carcinoma of the head and neck (125). This probe might be
used for the evaluation of angiogenesis and for planning and
response evaluation of {alpha}v{beta}3-targeted therapies.
Estrogen receptor targeting agents may be used to assess
noninvasively, the estrogen receptor section of tumors in vivo
by '®F-labeled estrogen analogues such as fluoestradiol (126).
Angiogenesis, the formation of new vessels is the target of

a multitude of novel therapies and drugs. Therefore, direct
visualization of this biologic response to tumor hypoxia and
cell proliferation will be of great importance in developing
these drugs. Apoptosis or programmed cell death can be im-
aged with radiolabeled Annex V to monitor response to ther-
apy in cancer (127). Many other tracers are being investigated
for various applications that might translate in new clinical
applications. Our belief is that it is the power of molecular
imaging using highly specific tracers that is central and not the
number of slices of the CT subsystem when considering the
example of combined PET/CT (2).

MOLECULAR PET/CT IGRT TREATMENT
PLANNING

Early attempts to use nuclear medicine and particularly
PET for RT were described in the late 1990s by few groups
(128-135). This was further stimulated and put into per-
spective after the introduction of the concept of biological
imaging (136). Thereafter, the technical aspects of PET/CT-
based RT were described in many reports and state-of-the-art
reviews (18,22,137-140).

The fundamental motivation for the use of PET/CT in
radiation therapy is that it provides better visualization than
CT simulation in the sense that in some cases CT misses
some areas that light up on the PET study or that the lesion
volume is in reality smaller on the PET/CT study than on the
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Figure 1. Photograph of the Biograph 16 HI-REZ PET/CT scan-
ner (Siemens Medical Systems, Erlangen, Germany) installed at
Geneva University Hospital and used routinely for radiation ther-
apy simulation and positron emission tomography/computed
tomography-based treatment planning. The scanner is equipped
with a flat-panel tabletop and external room lasers. The 70 cm
large diameter bore allows most patients to be imaged in the
treatment position with the use of suitable immobilization devices.

CT alone. In addition, discrepancies between CT and/or MRI
and PET findings are very often reported in the literature
(20,21,52,138,141-148). Both state-of-the-art FDG-PET and
novel PET probes’ applications in the process of RT treat-
ment planning are reviewed below.

Current Evidence of FDG-PET/CT Utilization
in Target Volume Definition

Molecular imaging of tumor metabolism using FDG-PET
has shown high sensitivity, specificity, and accuracy in
a variety of malignancies, such as head-and-neck cancer,
lung cancer, esophageal cancer, breast cancer, colorectal
cancer, lymphoma, and malignant melanoma. Evolving areas
for the diagnostic use of FDG-PET are differentiated thyroid
carcinoma, gastropancreatic tumors, cholangiocarcinoma,
gynecologic tumors, bladder cancer, and malignancies of the
bone and soft tissues (6).

With the possibility to image tumor metabolism, the idea
of ““biologic’ target volume in addition to the well known
GTV and clinical target volume concepts arose to include
tumor biology into the treatment planning (149). The first
studies dealing with FDG-PET-based target volume defini-
tion have been published in the late 1990s (128—133). Today,
there are more than 1000 PUBMED entries when searching
for “FDG PET” AND “‘Radiotherapy.”

Not only having direct impact on target volume delinea-
tion, FDG-PET led to a significant change in the therapeutic
approach between curative and palliative and vice versa in
10%—-30% of the cases due to detection of distant metastases
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or different local extension when compared to other imaging
modalities (143,150-154). Additionally, inter- and intra-
observer variability was considerably reduced when PET
information was available for target volume delineation
(154-157).

With the commercial availability of multislice hybrid
PET/CT scanners of the last generation equipped with fixed
RT positioning laser systems in the scanner room, a ‘‘one-
stop shop”” providing diagnostic PET/CT and RT planning
CT scan in only one session has become possible and is being
routinely used in many institutions (Figure 1). Thus, nowa-
days more and more studies deal with PET/CT-based plan-
ning, as 3D image fusion software has become widely
available in the clinic. Commercial software also offer simple
and reliable tools compared to the ‘““‘early times’’ where
studies were obtained on different scanners and fused men-
tally or manually. Different PET image segmentation tech-
niques have been devised and applied resulting in significant
changes in target volumes in up to 50% of the patients when
compared to CT-based simulation (158-161).

These findings are encouraging but need to be confirmed
by prospective studies before PET/CT-guided RT can be
used with confidence in clinical routine. There are a few
drawbacks that hindered the widespread application of FDG-
PET/CT in target volume determination in RT: 1) the number
of patients included in published reports is in most cases
small, 2) limited or absence of correlation with histology, 3)
the heterogeneity of the methods applied in target volume
delineation, and 4) missing information regarding the out-
come of treated patients, which is not surprising given that
the use of “‘biologic” target volume in target volume delin-
eation has started only a few years ago (Table 1). Other po-
tential problems of PET/CT-based target volume delineation,
such as data transfer and compatibility between imaging
systems and RT planning software, patient or organ motion,
partial volume effects, and thresholds for significant meta-
bolic activity are discussed in the following sections.

Head-and-neck Tumors

Feasibility of FDG-PET/CT-based target volume delineation
for conformal 3D treatment and even IMRT in head and neck
tumors has been reported by various authors (137,162,163).
Geets et al reported that the use of pretreatment FDG-PET and
per-treatment CT or MRI significantly impacts the delineation
of target volumes in pharyngo-laryngeal squamous-cell carci-
noma, resulting in more normal tissue sparing after conformal
RT planning (164). In addition, PET might help to identify
primary tumors associated with metastases where structural
imaging has limited detection capabilities (Figure 2). The same
group compared standard imaging techniques and PET find-
ings with the pathologic specimen from larynx cancer (165).
They did not find relevant differences between CT and MRI,
but reported significantly smaller target volumes when drawn
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Table 1

Summary of Recent Contributions Assessing the Impact of PET/CT on Target Volume Definition in FDG Avid Malignancies

Reference GTV Delineation Impact of PET Other Important
Localization  Reference n Modality Method on GTV Findings
Head and neck (164) CT and Manually: CT and MRI Significant reduction of Significant reduction of mean
18 MR target volumes (up to dose to ipsilateral (31%)
18%) and contralateral (11%)
parotids
Automated: PET
(819) CT Manually: CT and Significant change of
38 PET/CT GTV, no significant
change of PTV
(320) CT Manually: CT, PET Significant change of Change of TNM stage in 22%
22 and fused PET/CT GTV
(321) CT Manually: CT and No significant differences Significantly higher
20 fused PET/CT between GTV CT and interobserver agreement for
GTV PET/CT GTV PET/CT when
compared to GTV CT
(822) CT Manually on CT Higher interobserver
16 and fused PET/CT variability for GTV PET/CT
than GTV CT
(274) CT CT: manually Significantly higher
25 interobserver concordance
for GTV PET/CT than for
GTVCT
PET/CT: manually
based on halo
phenomenon
Esophageal (323) CT Manually: PET and CT Median 38% of GTV-PET Clinical stage altered in 8/21
cancer 21 not covered by GTV-CT patients (38%); change of
intent (curative -> palliative)
in 5/21 patients (24%)
(824) CT Manually: CT and Smaller GTV in 62.5%
16 PET/CT
(325) CT, EUS Manually: CT and GTV PET < GTV CT EUS detected significantly
25 PET/CT more patients with
locoregional
lymphadenopathy
(326) CT Manually: CT and NA Reduced intra- and
10 PET/CT interobserver variability
when adding the PET
information
NSCLC (160) CT Halo phenomenon Up to 25% GTV Interobserver variability
19 modification in 10/19 significantly improved (up
patients. (52%) to 84%) by adding the PET
information
(327) Pathologic NA NA Better correlation between
52 specimen; real tumor volume and PET/
CT CT than PET or CT alone
(171) CT Manually Significant changes Major GTV changes based on
21 of CTV in 55% inclusion or exclusion of
lymph nodes
(328) CT Manually Significant changes Significant dose escalation
21 of GTV in 67% possible while respecting

dose constraints for organs
at risk
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Table 1
(Continued)
Reference GTV Delineation Impact of PET Other Important
Localization = Reference n Modality Method on GTV Findings
(155) CT Manually and automated GTV PET/CT smaller than Reduced interobserver
33 (source to background  GTV CT variability using automatic
ratio) GTV delineation; PET/CT
best correlated with
pathology
(829) CT Manually: CT and Significant change in 39% TNM staging modified in 48%;
21 fused PET/CT Change of treatment
modality (curative ->
palliative) in 14%
Breast cancer (330) CT Manually: CT and PET PTV PET greater than PTV Inadequate coverage of
(tumor bed) 12 CT (median volume PET/CT based GTV by CT
ratio: 1.16) PTV in 9/12 patients (75%)
Breast cancer (208) CT Manually: CT and PET Increase of axillary dose in
(axilla) 15 11/13 patients (85%) when
adding PET information
Cervical (331) CT Manually: CT and Discordant CTV between According to PET more
cancer 51 PET/CT PET and CT in 37% of extensive nodal
patients involvement in 27% of
patients
(332) Intracavitary ~ Manually: PET Significantly better dose
11 brachytherapy coverage of the tumor
planning without significant dose
increase to bladder and
rectum
Hodgkin (198) CT Manually: CT and PET Increase of target volumes of
lymphoma 30 8-87% in 7/30 patients
(23%); decrease of target
volume of 18 and 30% in
2/30 patients (7%)
Rectal cancer (193) CT Manually: CT and Mean GTV PET/CT < GTV Change of treatment fields
20 PET/CT CT; PTV altered by and patient management
PET/CT in17% in 26%
(833) CT Manually: fused PET/CT-GTV significantly Clinical stage or treatment
25 PET/CT greater (mean 25.4%) purpose altered in 4/25

than CT-GTV patients (24%)

PET, positron emission tomography; CT, computed tomography; FDG, fluorodeoxyglucose; GTV, gross tumor volume; MRI, magnetic
resonance imaging; EUS, endoscopic ultrasound: GTV, gross tumor volume; CTV, clinical target volume.
The number of patients (n) enrolled in the study protocol, impact of PET on GTV delineation and other important findings are also given.

on FDG-PET. In addition, PET-based tumor volumes showed
better correlation with pathologic findings compared with CT,
both for the primary tumor and the locoregional lymph nodes
(165). However, all imaging techniques partially underesti-
mated the macroscopic tumor extension when compared to
pathology. These findings have been confirmed recently by
Burri et al (166).

Van Baardwijk et al showed in their review (167) that in
four of six studies with a total of 139 patients, the GTVs
drawn on PET/CT were significantly smaller than those
drawn on CT only. One of the first articles evaluating clinical
outcome following PET/CT-guided RT in head-and-neck
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cancer showed favorable 3-year overall state and disease-free
survival rates (168).

Lung Cancer

Besides head-and-neck tumors, FDG-PET based target
volumes are well documented in non—small-cell lung can-
cer. This is probably because staging of lung cancer is one
of the most important and well established indications for
FDG-PET with a known high diagnostic accuracy and
documented impact on clinical decision making (169). Its
high sensitivity and specificity for lymph node involvement
(Figure 3) and the capacity to better discriminate between
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Figure 2. Patient with stage IIA Hodgkin lymphoma. The gross tumor volumes delin-
eated on the positron emission tomography/computed tomography (PET/CT) scan is
shown in green color. PET revealed an additional 7 mm paratracheal lymph node (arrow)

that was missed on CT.

Figure 3. Patient with cervical lymph node metastases of squamous cell carcinoma
from an unknown primary tumor. The gross tumor volume delineated on the positron
emission tomography/computed tomography scan (red color) revealed the primary
tumor located on the base of tongue (arrow) that was not identified on diagnostic
magnetic resonance imaging, computed tomography, and panendoscopy.

tumor extent and atelectasis may substantially alter the
target volumes (95,133,170-172). One such example is
shown in Figure 4 where PET allowed excluding associated
atelectasis that was impossible to differentiate using CT alone.
In addition, several groups have shown the potential of FDG-
PET to either reduce radiation burden to organs at risk or to
considerably increase the dose delivered to the tumor
(141,173). Furthermore, lung cancer is the first entity, in which
early state outcome studies have shown that PET/CT based
target volume delineation did not lead to a significantly higher
number of in or out of field tumor recurrences when compared
to standard CT-based target volume delineation (174,175).
Overall, in most studies a significant change of target volumes
was found in 25%—-50% of the patients when PET information
was added to the planning algorithm. The observed change in
volume was about 20%—-25%.

However, the lung is an organ largely susceptible to mo-
tion artifacts, leading to potential overestimation of large le-
sions and underestimation (partial volume effects) of small
lesions that need to be taken into account when drawing
target volumes (144,176,177). In addition, up to now, no
consensus exists on which segmentation technique has to be
used to define the metabolic margins of a non—small-cell lung
cancer lesion (178,179).

Esophageal Cancer

Compared to CT, PET alone showed higher specificity but
lower sensitivity for detection of lymph node involvement,
whereas PET/CT could at least partially compensate this
drawback (180-182). Therefore, PET has shown its capacity
to enlarge the target volume beyond CT volumes when
showing lymph node metastases in unexpected locoregional
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Figure 4. Patient with poorly differentiated carcinoma of the left lung. Fused positron
emission tomography/computed tomography (CT) images detected two additional
18F_fluorodeoxyglucose positive mediastinal lymph nodes of 6 mm. The diagnostic CT
scan performed on the same day did not classify these lymph nodes as suspicious.

regions (183,184). However, PET/CT-guided RT is not rec-
ommended in esophageal cancer owing to its low sensitivity.

Gynecological Tumors

Recent studies have proven the value of FDG-PET/CT for
locoregional and distant staging of cervical cancer with
a high sensitivity and specificity (185—188), especially in the
detection of para-aortal and pelvic lymph node metastases
which might be included in the target volume. First small
series have shown feasibility and considerable impact of
FDG-PET/CT—based target volume delineation on both
conformal and IMRT planning (189). Additionally, PET was
shown to provide valuable additional information for bra-
chytherapy planning in patients with various gynecological
cancers (158,190,191). Very few clinical data on the use of
FDG-PET in RT treatment planning of gynecological tumors
other than cervical cancer are available as of today.

Rectal Cancer

In colorectal cancer, the problem is inverse because PET
provides excellent sensitivity (100%) but poor specificity
(43%), most probably due to local inflammatory processes.
However, metabolic information especially about small
locoregional lymph nodes and distant metastases is crucial to
determine stage appropriate treatment of the patients (eg,
“down-staging”’ by radiochemotherapy before curative sur-
gery) (192). This can result in significant changes in treatment
fields and patient management (193). Additionally, FDG-PET
might be useful in IMRT planning with dose escalation using
dose painting targeted to highly metabolic regions of the tu-
mor. Two studies with a total of 46 patients showed signifi-
cantly increased target volumes when adding the information
provided by PET to the morphologic CT images (152,158).

Lymphoma
With its known high sensitivity and specificity in high-
grade lymphomas, FDG-PET/CT is the standard imaging
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procedure in primary diagnosis and follow-up (194,195).
Because chemotherapy is the first-line therapy and RT plays
aminor role, only few clinical data are available regarding the
impact of PET/CT in target volume delineation. However,
two studies in 2003 and 2004 with a total of 41 patients could
show substantial changes of target volumes when incorpo-
rating the PET information into the treatment planning pro-
cess (150,196). More recent studies have confirmed the
marked impact of PET/CT in the RT planning of Hodgkin
lymphoma (197,198). Figure 5 shows the GTV delineated on
the PET/CT scan of a patient with Stage IIA Hodgkin lym-
phoma, whereas PET revealed an additional FDG positive
paratracheal lymph node that was missed on CT.

Breast Cancer

Despite excellent diagnostic specificity (>95%) for both
primary tumor and axillary lymph node involvement, con-
ventional whole-body PET and PET/CT provide only mod-
erate sensitivity (40-85%) in invasive ductal breast cancer
(199-204). Mavi et al (205) showed that a second, delayed
scan at 120 minutes could markedly increase the sensitivity.
Heusner et al (206) evaluated a specially designed acquisition
protocol using the prone position and a positioning aid in 40
patients with suspected cancer recurrence. The authors report
better delineation of potential infiltration of the adjacent
thoracic wall and skin, but no significant benefit with respect
to axillary staging. The same group assessed this protocol in
comparison to MRI, ultrasound, and clinical investigation for
primary tumor, local, and distant metastases (207). They
concluded that whole-body FDG-PET/CT mammography
could be used for staging breast cancer in a single session
because the diagnostic accuracy for primary tumors is similar
to MRI, whereas the detection rate of distant metastases was
100% compared to 70% when using a multimodality
approach correlating x-ray mammography findings with
breast ultrasound and MRI complemented by sentinel lymph
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Figure 5. Sagittal and axial positron emission tomography/computed tomography

(PET/CT) images of a patient with non-small-cell lung cancer of the right upper lobe.
PET/CT allowed excluding associated atelectasis that was impossible using a diagnostic

quality CT alone.

node biopsy, chest radiography, axillary and abdominal
ultrasound, and bone scintigraphy. The overall change of
treatment strategy for the patients included in this study was
12.5%. However, FDG-PET currently has no role in lobular
carcinoma and carcinoma in situ because of the low tracer
uptake. Based on these facts, few studies address the issue of
FDG-PET based target volume delineation in breast cancer.
Dizendorf et al (150) reported additional metastatic lymph
nodes in 14% of the patients (n = 18), leading to a modifica-
tion of the target volume in 11% of the patients. Moreover,
a recent feasibility study on 13 patients showed a marked
impact of FDG-PET on dose distribution when including
metabolic data into RT planning of breast cancer (208).

An evolving area for breast cancer in the introduction of
dedicated breast PET scanners allowing to perform positron
emission mammography examinations using optimized
detector designs achieving higher spatial resolution and
improved sensitivity (81,82,209-212). First clinical studies
comparing positron emission mammography with conven-
tional mammography reported 80% sensitivity, 100%

specificity, and 86% accuracy (213) and demonstrated a satis-
fying sensitivity for malignancy (86%) with a high positive
predictive value (90%) (214). In terms of quantification of
tracer uptake, a recent study using rotating high-resolution
LYSO detectors with a reconstructed field-of-view of 15 x 15 x
15 cm® reported promising results indicating the feasibility to
use the device for early assessment of cancer treatment (215).

The integration of these novel technologies into the RT
treatment planning process might be of great interest. How-
ever, many shortcomings need to be addressed beforehand,
such as the complexity of non-rigid image registration with
a larger field-of-view RT planning CT scan that would be
required for dosimetry calculations (216). This is probably
the main issue limiting the role of dedicated breast PET
systems for GTV delineation in RT. Nevertheless, novel
combined breast PET/CT scanners under development (eg,
the system being designed by Boone et al at the University of
California Davis) following the successful design of dedi-
cated breast CT (217) and small-bore preclinical PET/CT
(218) might play an emerging role in the future.
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Other Tumors

For a variety of other tumors, FDG-PET/CT-based target
volume delineation plays no (or not yet) role in target volume
delineation because of their low FDG avidity (eg, prostate
cancer, renal cell carcinoma, neuroendocrine tumors), low
tumor to background contrast (brain tumors), or because RT
plays no major role in their treatment (malignant melanoma,
bone and soft-tissue tumors, differentiated thyroid carci-
noma). However, for some of them (eg, brain tumors, pros-
tate cancer), other new and promising PET tracers are
available for staging that can potentially be applied in target
volume delineation for radiation therapy treatment planning.
Those probes that have already been used are discussed in the
following section.

Novel Promising Probes beyond FDG for
of PET-guided Target Volume Delineation

Besides FDG, many other more or less tumor-specific
PET tracers have been introduced during the last few years
(112,113). The most important are markers of tumor prolif-
eration (eg, '*F-fluorothymidine), amino acid metabolism
(*'C-methionine, ''C-tyrosine, and '*F-fluoro-ethyl-tyro-
sine), and hypoxia (mF-ﬂuoromisonidazole, "®F_fluoroazo-
mycinarabinofuranoside, 64Cu—ATSM, and 18F—EFS), which
have already shown their importance in target volume
delineation or patient management in RT (219,220) as
discussed in the subsequent paragraphs.

In addition, new tracers have been developed that specif-
ically bind to certain intra or extracellular compounds of
various tumors, such as ¥E_.DOPA (metabolism of amine
precursor uptake and decarboxylase tumors), ®*Ga-labeled
peptides (neuroendocrine tumors), ' 'C-acetate or ''C-cho-
line, and "®F_choline (cell membrane and fatty acid metabo-
lism). These tracers actually encounter a growing use in
diagnosis, treatment planning, and control in many tumor
entities. This section will mainly discuss the tracers with al-
ready proven relevance in patients undergoing RT. Table 2
summarizes current applications of non-FDG PET tracers for
target volume delineation in RT treatment planning.

Markers of Tumor Hypoxia

Experiments with tumor cell lines or tumor-bearing ro-
dents have shown that tumor hypoxia reduces the response to
RT (221-223). In addition, it is related to lower survival
probability and higher risk of tumor recurrence (224,225).
Therefore, radiation dose escalation in hypoxic tumor areas is
deemed to increase treatment response and decrease local
tumor recurrence. Now, mainly '8E_fluoromisonidazole and
8E_fluoroazomycinarabinofuranoside, two chemically simi-
lar radiotracers, are used for hypoxia imaging. Wide experi-
ence was gained in head-and-neck tumors, where hypoxia
imaging was shown to be useful for target volume delineation
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(mostly in combination with FDG) in IMRT (19,116,226,227).
However, not only head-and-neck tumors have been ad-
dressed as other studies reported on the usefulness of hypoxia
imaging for other localizations such as lung, kidney, brain,
and soft-tissue sarcomas (115,228-230). Moreover, hypoxia
tracers have shown their potential to expose dynamic changes
of reoxygenation during RT, which may have important im-
plications in predicting treatment outcome (6,137,225,231).
A new promising tracer is the lipophilic °°Cu-ATSM, which
is less susceptible to reduction in the presence of oxygen and
is thus rapidly washed out of normoxic tissue. The first
studies assessed the correlation between hypoxic tissue and
histology using autoradiography in a tumor-bearing mouse
model (223). The prediction of treatment response in cervical
cancer was one of the targeted applications (231). '*F-EF5 is
another promising agent (232,233) that proved to be useful
for noninvasive clinical assessment of hypoxia in brain tu-
mors (234).

Amino Acids

Several tumors present an increase of amino acid metab-
olism, which can be targeted by PET. Relevant experience
worldwide was achieved for the following three tracers:
""C-MET, "'C-tyrosine, and '®F-fluoro-ethyl-tyrosine.
Whereas the short half-life (~20 minutes) limits the use of
"C-labeled tracers to centers equipped with a cyclotron and
tracer production facility close to the PET scanner, '*F-flu-
oro-ethyl-tyrosine is available for more widespread use. Up
to now, these tracers are mainly used in brain tumor imaging
(Table 2). First, they were applied to differentiate between
scar and viable tissue in treated brain tumors since CT, MRI,
or FDG-PET had high rates of equivocal or false positive
findings. In 1997, Reinhardt et al (235) showed the useful-
ness and high specificity of 14C-methionine for viable tumor
cells in a rat model. Later on, PET imaging using amino acid
tracers showed their superiority compared to conventional
MRI in diagnosis of tumor recurrence which resulted in
significant change in patient management (236-240). Re-
cently, these tracers were successfully used in radiosurgery or
target volume delineation for primary or recurrent brain tu-
mors, such as pituitary adenomas, meningiomas, gliomas,
and glioblastomas. More importantly, substantial differences
in terms of gross tumor delineation were reported when
compared to CT- or MRI-based treatment planning (Figure 6)
(148,236,241-250). Semiautomated target volume delinea-
tion algorithms have been successfully applied using these
“positive’” markers, which have an important advantage
compared to FDG, namely that there is no nonspecific uptake
in inflammatory reactions or macrophages (242,249).

Cell Membranes/Fatty Acid Metabolism

'C-choline and '*F-fluorocholine are supposed to un-
dergo two metabolic pathways in cancer cells with high lipid
turnover, such as prostate cancer. On the one hand, they are
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Table 2
Summary of Recent Contributions assessing the Impact of non-FDG PET Tracers for Target Volume Definition in Radiotherapy

Reference
Target Tracer Localization Reference n Method(s) Results Complementary Findings
Hypoxia BE_MISO Head and (226) FDG PET/CT, Dose escalation to Various levels of hypoxia
neck 10 CT, MRI hypoxic tissue feasible demonstrated by
in all cases (84-105 Gy) heterogeneous
without exceeding 18F-MISO distribution
normal tissue tolerance
18E_FAZA Head and (116) CT Median GTV/FAZA No significant correlation
neck 18 represented 10.8% between GTV/FAZA
(0.7-52%) of the GTV/ and GTV/CT for the
CT in the primary and primary, significant
8.3% (2.2-51.3%) in the correlation for the
lymph nodes. lymph nodes. Different
patterns of hypoxia
influenced dose
painting.
59Cu-ATSM Cervical (334) FDG PET, ATSM uptake significant Frequency of locoregional
cancer 14 clinical predictor of progression nodal metastases
follow-up free and overall survival significantly higher in
hypoxic tumors; FDG
uptake did not correlate
with tumor hypoxia
Amino acid 11C-Methionine Meningioma (241) CT, MRI Methionine PET beneficial
metabolism 32 in 29/32 patients (91%)
due to identification of
small tumor portions
not identified by CT or
MRI. Mean GTV
enlargement due to
PET: 9.4 + 10.7%
Meningioma (148) CT, MRI Significant decrease of PET information helpful in
10 interobserver variability GTV delineation in sinus
of GTV when adding the cavernosus, orbit and
PET information skull base areas
(r=0.855 = 0.988)
8F_FET Malignant (240) MRI FET PET sensitivity 100%, Concordance between
glioma 45 specificity 92.9%; MRI FET PET and MRl in 37
sensitivity 93.5%, cases, discordance in 8
specificity 50% cases (P < .01)
Malignant (335) Pathology Time course and pattern ~ Threshold of 2.4 (tumor/
glioma 24 n=29); of serial FET PET background ratio)
clinical acquisitions correlate allows for
follow-up well with success of discrimination between
intracavitary recurrence and
radioimmunotherapy inflammation (sensitivity
88%, specificity 100%)
Malignant (249) PET, MRI The majority of GTVs PET detected frequently
glioma 18 defined on various PET- tumours that are not
based segmentation visible on MRI and
techniques were usually added substantially
smaller than GTV g, tumour extension
(67% of cases) outside the GTVyg, in 6

patients (33% of cases)
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Table 2
(Continued)
Reference
Target Tracer Localization Reference n Method(s) Results Complementary Findings
Cell membranes/ '8F-Fluorocholine Prostate (257) CT Comparable results for 3-dimensional conformal
fatty acid cancer 10 target volumes derived treatment planning on
metabolism from CT and PET. Fluorocholine PET and
Optimal concordance CT alone delivered
for lateral and comparable doses to
craniocaudal the rectal wall
dimensions was
achieved when using
a signal threshold of
23.0 + 2.6%, for
anterior-posterior
dimensions when
applying a threshold of
49.5 + 4.6%
Somatostatin 58Ga-DOTA-TOC  Meningioma (262) CT, MRI Significant modification of DOTA-TOC PET delivered
receptors 26 PTV based on DOTA- additional information

TOC PET in 19/26
patients (73%).
Compared to CT PTVs
alone, trimodal outlined
PTVs decreased in 9/26

on tumor extension in all
patients. In one patient,
only DOTA-TOC PET
was able to detect the
lesion

patients (35%) and
increased in 10/26
patients (38%)

ATSM, diacetyl-bis(N4-methylthiosemicarbazone); PET, positron emission tomography; CT, computed tomography;
FDG, fluorodeoxyglucose; GTV, gross tumor volume; MRI, magnetic resonance imaging.

converted into phospholipids and included into the cell
membrane, whereas on the other hand they are used in the
energy metabolism undergoing beta-oxidation. Both lead to
“metabolic’ trapping and accumulation in cancer cells. Most
experiences using these tracers are available for prostate
cancer where their value was demonstrated for the detection
of tumor recurrence (251-256). However, the sensitivity of
the two probes seems to differ with respect to PSA level.
More recently, first studies with promising results on the
application of these tracers for target volume delineation in
RT treatment planning of recurrent prostate cancer have been
published (219,257-259). Figure 7 illustrates an '*F-choline
PET/CT study of a patient with recurrent tumor in the left
posterior lobe that was confirmed by bilateral endorectal
biopsy of the prostate. The GTV delineated for partial
reirradiation of the prostate is also shown.

Proliferation Markers

Different probes belonging to this category of tracers are
available. However, 18F—ﬂuorothymidine, a radioactive der-
ivate of the nucleoside thymidine, is more widely used to
determine tumor proliferation owing to its long half-life
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(120). However, studies describing its use in target volume
delineation have been lacking. The only results published so
far address the issues of therapy control (260) and assessment
of cancer recurrence (235) in a preclinical setting.

Tracers for Neuroendocrine Tumors

For targeting neuroendocrine tumors, two physiological
principles are applied. Because many of them overexpress
somatostatin receptors, positron-emitting labeled somato-
statin analogues such as ®*Ga-DOTA-TOC have been de-
veloped. A recent study has shown the excellent sensitivity
and specificity of this tracer (261). Another important ad-
vantage of ®*Ga-labeled tracers is that the radioisotope is
eluted from a ®*Ge/*®*Ga generator and as such, an onsite
cyclotron is not required for their production. However, these
tracers may not cover all neuroendocrine tumors. Knowing
that some of them belong to the amine precursor uptake and
decarboxylase cell system, markers of the amine precursors
such as "®F-FDOPA can be applied for staging and therapy
planning in these tumors (123). Despite their success in di-
agnosis and staging of recurrent neuroendocrine tumors, up
to now, there is a lack of publications reporting on their
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Figure 6. Example of a patient with a glioblastoma (World Health Organization IV) in the
left temporal and frontal areas. The contrast enhanced T2-weighted magnetic resonance
images and the "®F-fluoro-ethyl-tyrosine positron emission tomography show sub-
stantially different gross tumor volume extension on the two modalities (black color).

usefulness in RT treatment planning. The only published
study on ®®Ga-DOTA-TOC reported a substantial impact on
target volume delineation in intracranial meningiomas when
compared to CT and MRI (262).

PET/CT-GUIDED DELINEATION OF TARGET
VOLUMES

Historically, GTVs were defined on high resolution ana-
tomical images despite the limitations of these techniques
(263-268). CT can provide useful anatomical information
and the electronic density required for dosimetry calculations
for RT treatment planning. However, it has poor soft-tissue
contrast that might be insufficient for target and critical organ
delineation. MRI provides higher image quality and better
soft-tissue contrast compared to CT. Many investigators
reported significant differences in terms of target volume
delineation when using MRI compared to CT (269,270). It
has been argued that coregistered CT/MRI data can be used
with confidence for accurate delineation of target volumes
and critical organs (using MRI) and dose computation (using
CT). For some applications (eg, prostate), MRI can even be
used for both delineation and dosimetry calculations thus

allowing to improve patient throughput, reduce cost and
radiation exposure to the patient (271,272).

Owing to the limitations discussed previously and after
the widespread clinical adoption of hybrid PET/CT scanners,
PET-based delineation of target volumes appeared as an
attractive alternative for RT treatment planning
(13,136,138,160,174,273-278). One of the most difficult
issues facing PET-based RT treatment planning is the accu-
rate delineation of target regions from typical noisy func-
tional images (21). The major problems encountered in
functional volume quantitation are image segmentation and
imperfect system response function. Image segmentation is
defined as the process of classifying the voxels of an image
into a set of distinct classes. The difficulty in image seg-
mentation is compounded by the low spatial resolution and
high-noise characteristics of PET images. Medical image
segmentation has been identified as the key problem of
medical image analysis and remains a popular and chal-
lenging area of research (279). Despite the difficulties and
known limitations, several image segmentation approaches
have been proposed and used in clinical setting including
thresholding, region growing, classifiers, clustering, edge
detection, Markov random field models, artificial neural
networks, deformable models, atlas-guided, and many other
approaches (141,167,280). A detailed description of the
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Figure 7. Patient with biochemically recurrent prostate cancer 6 years after initial ra-
diotherapy. '8F-choline positron emission tomography/computed tomography (PET/CT)
showed a recurrent tumor in the left posterior lobe. This tumor was confirmed by bilateral
endorectal biopsy of the prostate. The gross tumor volume delineated for partial reirra-
diation of the prostate by intensity-modulated radiotherapy is shown (red color).

various approaches proposed so far is beyond the scope of
this review and is discussed elsewhere (13). Here we briefly
discuss some important considerations and limitations of
widely used techniques.

Medical image segmentation remains an unsolved prob-
lem that has captured the imagination of image analysis
scientists over the past three decades. Manual segmentation
methods available on most commercial software packages to
identify lesion boundaries and to quantify GTVs in terms of
standardized uptake value are very laborious and tedious.
They discourage physicians from taking advantage of the
inherently quantitative data and compel them to use quali-
tative means in their diagnosis, therapy planning, and
assessment of patient response to therapy. Semi- of fully
automated segmentation methods enable physicians to
easily extract maximum and mean standardized uptake value
estimates from a lesion volume. This also allows the phy-
sician to track changes in lesion size and uptake after
radiochemotherapy. At present, various methods are used in
practice to delineate PET-based target volumes
(158,167,177,178,249,281-295).

Manual delineation of target volumes using different
window level settings and look up tables is the most
common and widely used technique in the clinic. How-
ever, the method is highly operator-dependent and is
subject to high variability between operators (161,177).
Rather large intraobserver variability was reported for
many localizations (155,250,296,297). In this respect,
semi- or fully-automated delineation techniques might
offer several advantages over manual techniques by
reducing operator error/subjectivity, thereby improving
reproducibility.

One major concern is that radiation oncologists had lim-
ited exposure to hybrid technologies and as such, they are not
trained enough to read PET/CT scans and delineate autono-
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mously the GTVs on PET images. A joint effort between
experienced nuclear medicine physicians and radiation
oncologists is therefore a prerequisite to fully exploit the
potential of PET/CT-guided RT. Cross-training requirements
and guidelines regarding the qualifications and training
requirements of the physicians who interpret the images have
been recently debated both in the United States (298) and in
Europe (299). Similar discussions should, in our opinion,
take place between nuclear medicine and radiation oncology
professional societies to establish a common ground in the
near future.

As discussed earlier, one of the challenges faced by
vendors is to provide commercial platforms that can easily
handle multimodality images from any DICOM-compatible
imaging modality including hybrid PET/CT and incorporate
this information with minimum effort into the RT treatment
planning software. In essence, all vendors claim full DICOM
compatibility, however, in real life, such statements cannot
be taken as granted and need to be checked carefully by the
end users. In our experience, all vendors allow to export to
picture archiving and communication systems and incorpo-
rate PET/CT images in a clinical RT setting using the
DICOM standard. However, the transfer of RT objects in
DICOM_RT format between various commercial platforms
is more obscure and might effectively hinder research car-
ried out in the field. In the authors’ institution, a commercial
PET/CT scanner with the associated multimodality
workplace virtual simulation software (Siemens Medical
Solutions) is used for delineation of GTV. We had to write
software that converts the DICOM_RT objects generated by
the Siemens software in a format that is readable by the
ACQSIM platform (Philips Medical Systems). Moreover,
we are using extensively RT Image, an open-source soft-
ware developed to facilitate the integration of PET/CT
imaging in RT treatment planning (300) in our research
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studies (249). We realized that the DICOM_RT objects
generated by the Siemens software can be read by this
software; however, those generated by RT Image cannot be
read by the Siemens virtual simulation software package
owing to some incompatibility in DICOM tag information
present in the file. Therefore, the lack of cooperation
between the vendors may seriously hamper potential col-
laborative research projects owing to practical difficulties in
incorporating the PET information in existing clinical RT
settings.

Validation and Comparison of Techniques

Despite the remarkable progress that image segmentation
has made during the last few years, performance validation
in a clinical setting remains the most challenging issue (301).
There are basically three different strategies allowing the
assessment of the accuracy of PET image segmentation
techniques. This includes simulated or experimental phan-
tom studies in which the ground truth (tumor volume) is
known a priori, the comparison with correlated anatomical
GTVs defined on CT or MRI, and the comparison of tumor
volumes delineated on PET with actual tumor volumes
measured on the macroscopic specimen derived from
histology, in case a PET scan was undertaken before
surgery. The shortcomings of experimental phantom studies
where simple lesions simulating tumors’ shapes and contrast
are introduced within the phantom are well established.
More accurate simulation techniques combining Monte
Carlo and clinical data are now becoming available and will
certainly allow comprehensive assessment of segmentation
algorithms (27,302). On the other hand, when using clinical
data where the ground truth is not known a priori, it is
generally unacceptable to use an imaging modality as gold
standard against which results from another imaging mo-
dality are compared. Only very few studies reported on the
use of surgical specimen for validation of PET-based GTV
delineation techniques (142,155,165,166,179,303-305).
The only studies where the 3D macroscopic specimen (in
contrast to lesion size defined on one to three major axes)
was available clearly demonstrated the superiority of PET
compared to other structural modalities for head-and-neck
cancer (142,165).

A limited number of studies reported the comparative
evaluation of different PET image segmentation techniques
(178,249,284,306,307). The main difference between the
image segmentation methods is the underlying empirical
derivation or mathematical model used to differentiate be-
tween the tumor and background. Most comparative assess-
ment studies seem to suggest that the differences in the
estimated volumes did have a significant impact on the GTV.
It has been difficult to establish the superiority of one method
over another. Thus, we can argue that at present the important
thing is to use the most reliable technique available to the

users, although ultimately it may become clear which method
is best for a particular application.

CHALLENGES AND FUTURE DIRECTIONS

Despite the remarkable progress achieved, as can be wit-
nessed by the enormous number of publications in the field,
many challenging issues still remain to be solved through
research. There is no shortage of challenges and opportunities
for molecular imaging-guided RT treatment planning now.
Several PET segmentation algorithms have been developed
so far with limited success. Tumor heterogeneity and stability
of tracer uptake is one of the challenges facing automated
delineation of GTVs (13,308).

PET/CT is at present mainly used for whole-body onco-
logical studies, an application embracing the mainstream of
reimbursable indications for PET/CT in the United States and
many other countries. Reimbursement issues are mainly driven
by prospective multicenter clinical trials that reveal enhance-
ments in health outcomes conveyed by PET/CT as an imaging
modality for a given indication: in this case, RT treatment
planning. It is expected that ongoing research studies will
undoubtedly allow to expand coverage for PET/CT scans by
following the same trend as for other indications.

Respiratory motion is another challenging issue that has
been addressed in many different ways. The most successful
approaches attempt to overcome the limitations of the
traditional approach, which allows obtaining individually
reconstructed noisy images through respiratory gating by
incorporating motion estimation and correction within the
image reconstruction process to obtain images of enhanced
quality (38,309-311). Image-based motion correction strat-
egies look promising and deserve particular attention. It is
amatter of public evidence that active research in the field has
emerged from the recent 2008 IEEE Medical Imaging Con-
ference in Dresden (312-316), recognized as the most pro-
duction conference in medical imaging technology. Despite
the much worthwhile research carried out in this direction,
the field clearly deserves further research and development
efforts (317). Overall, we believe that the best strategies for
motion correction use increasingly sophisticated software to
make use of existing advanced hardware. In this sense, the
field is open to future novel ideas (hardware and especially
software) aimed at improving motion detection, character-
ization, and compensation (318).
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