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In medicine, clinical practice cannot resist fashion: in the year
2000, 9 publications dealt with the ‘‘use of PET in radiotherapy plan-
ning”; by the end of 2005, 187 articles have been published on this
subject, and by the end of June 2010, PubMed indicated 565 hits
using the same keywords!

But are we sure that this is fashion? Isn’t it a reflection of a med-
ical progress that translated into practice change? And if so, what
would have made the use of PET so exquisite in radiotherapy plan-
ning? Answering this question requires a profound understanding
of the process of radiotherapy planning and the key elements that
are likely to impact on it.

Radiotherapy planning is a multiple step process that starts with
a decision of a multidisciplinary tumor board to irradiate a malig-
nant tumor with a given T–N–M stage, and end with the signature
of a board certified Radiation Oncologist on a treatment plan com-
prising a dose prescription, a set of dose distribution together with
a set of technical parameters that will be transferred to the linear
accelerator (or equivalent machine) for the plan execution [1].

In this process, the appropriate selection and delineation of tar-
get volumes (TVs) and Organs At Risk (OARs) – typically performed
on contrasted CT and/or MRI – by a trained Radiation Oncologist is
of paramount importance. It requires the proper use of both extre-
mely sensitive (very few false negative examination, or with a high
negative predictive value) and specific (very few false positive
examination, or with a high positive predictive value) imaging
modalities. In other words, we want the images to give us the
truth, all the truth and only the truth. . .! In addition, for the delin-
eation aspect, one needs imaging modalities that have a high spa-
tial resolution, typically in the order of 1–2 mm. Both CT and MRI
fulfill this criterion.

How is the picture with PET? PET has an intrinsic advantage,
which is that it could image any physiopathological pathways
within a tumor or a normal tissue, providing an ad hoc tracer can
be injected to the patient. And tracers of metabolism, proliferation,
hypoxia, apoptosis, gene expression (e.g. EGFR), etc. have been val-
idated and are available if not all for routine clinical practice, at
least for clinical studies. But PET has potential limitations, which
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are its relatively lower spatial resolution and the low signal-to-
background ratio observed with some tracers; both limitations
could compromise the overall sensitivity and specificity of PET
compared to CT and/or MRI. The lower spatial resolution is a com-
plex issue resulting from several factors, and among them the en-
ergy of the positron, the size of the detector and the low counting
efficiency are the most important. These factors may require the
use of appropriate acquisition protocols (e.g. correction for move-
ment artifacts) and special reconstruction algorithms to sharpen
the edges of the volume of interest. The low signal-to-background
ratio typically results from the tracer metabolism, which ideally
should distribute evenly into the body, get fixed to the site(s) of
interest while the unfixed tracer should get cleared from the body.
And all these processes should be done as quickly as possible, and
for sure within a time frame compatible with the half-life of the
tracer. But as one knows, the reality is far from this ideal picture. . .

Several articles have been recently published on the use of PET
for radiotherapy planning in oesophageal, lung, head and neck,
brain, prostate, and anal canal tumors [2–12]. No definitive conclu-
sion could be drawn from these publications, PET influencing tar-
get volume selection and delineation in some studies, not in
others. But what seems consistently observed in all these publica-
tion is the importance of the use of well-defined protocols for im-
age acquisition, reconstruction and segmentation.

In this framework, in this special issue of Radiotherapy & Oncol-
ogy, we ought to summarize the state-of-the-art knowledge on the
use of PET for radiotherapy planning, from tracers and data acquisi-
tion to clinical use in various tumors. It starts with a summary of the
various PET radiopharmaceuticals available in oncology [13], and
the state-of-the-art equipment and protocols for data acquisition
and transfer [14]. Then a series of contribution deals with patient
immobilization on PET–CT camera [15], image reconstruction and
segmentation [18], image quantitation [16], correction of move-
ment artifacts [17], and the use of PET for dose optimization [19].
Thereafter, a article from Chiti and Gregoire [20] set the scene for
the use of PET images in radiotherapy planning: what are we looking
for? Last, this special issue ends with a systematic review on the use
of PET for the main tumor sites, e.g. brain tumors [21], head and neck
tumors [22], lung tumors [23], gastro-intestinal tumors [24], genito-
urinary tumors [25] and gynecological tumors [26].

It is expected that this special issue of Radiotherapy & Oncology
will contribute to increase the awareness of Radiation Oncologist,
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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Nuclear Medicine physicians and other related specialists on the
proper use of PET in radiotherapy planning.
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Personalized medicine is the new driving force in the modern
era of medicine. In oncology, personalized management of a pa-
tient’s disease means the application of specific therapeutic strate-
gies that are best suited for an individual patient and for the
particular type of tumour, which the therapy is aiming to target.
Molecular diagnostics influences cancer management in several
ways that aid personalisation and this is why research has now fo-
cused on individualizing treatment strategies by incorporating a
combination of physiological variables, genetic characteristics
and environmental factors together with the traditional tumour
characteristics that currently drive clinical decision making.

Imaging is playing a major role in individualizing treatment
strategies and the approach differs depending on whether the tar-
get is a single disease control point or a general disease control
point applicable to a number of treatment paradigms (e.g. prolifer-
ation, angiogenesis, inflammation, etc.). Among the many different
imaging tools that are available nowadays, Positron emission
tomography (PET) can be used to visualize molecular alterations
in the living subject, thus facilitating early diagnosis and treatment
of disease. The state of art of molecular imaging with PET requires
the use of integrated PET and computed tomography (CT) scanners,
which are able to offer combined information on molecular and
morphological characteristics of tumours.

PET-CT using fluoro-deoxy-glucose as a molecular probe of glu-
cose metabolism in cancer cells has been demonstrated to have
high accuracy for detection of many tumour types [1]. Along with
diagnosis, staging, detection of relapse, restaging and follow-up,
one of the main applications of PET-CT is the assessment of therapy
response and treatment planning. In routine practice, structural
and tumour volume changes are used to guide therapeutic strate-
gies and to measure the disease-free and overall survival. However,
tissue metabolism changes more rapidly than morphology, and
changes in tumour FDG uptake may therefore predict alterations
in volume [2].

The use of FDG-PET as a surrogate tool for monitoring therapy
response offers better patient care by individualizing treatment
and avoiding ineffective chemotherapy. The use of PET, not only
with FDG, to identify patients who can benefit from targeted ther-
apies with monoclonal antibodies has also been demonstrated to
be useful, as well as to evaluate the response to therapy in those
patients selected for treatment [3,4].
0167-8140/$ - see front matter � 2010 European Society for Therapeutic Radiology an
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Like other imaging tools PET can be used to inform decision-
making, e.g. whether a surgical approach is advisable, which inter-
vention will be most appropriate and whether advanced therapies
are feasible. It can also further improve tailoring of therapy by
guiding radiation therapy planning and improving definition of tu-
mour target volumes, as is described in the other contributions of
this journal’s issue. Although CT remains the gold standard for
depicting anatomy for the purpose of target volume definition
and dose calculation, PET-CT could help with respect to the dose
constraints for organs at risk, if the hypermetabolic component is
smaller than the morphological appearance of the tumour, reduc-
ing the gross tumour volume. Further, PET could permit the inclu-
sion of FDG-avid, but non-enlarged, lymph nodes within the field
of treatment or could modify the TNM staging, resulting in a shift
in treatment modality from curative to palliative.

Radiation oncologists rely only on the representation through
imaging tools to select and delineate target volumes. The limita-
tion is the fact that none of the imaging modalities has sensitivity
and specificity of 100% because of their spatial resolution, the spe-
cific affinity of the tracer or the contrast medium used to visualize
different characteristics of the neoplastic tissue.

Sensitivity and the specificity of a diagnostic tool depend also
on the criteria used for the image interpretation. CT acquisition
and reconstruction parameters are standardized, Hounsfield unit
(HU) is easily correlated with tissue density and patterns of vascu-
lar enhancement through contrast medium are well-defined. This
accounts for the high reliability of contrast enhanced CT in oncol-
ogy. The high specificity is counterbalanced by suboptimal sensi-
tivity in some neoplasm due to the fact that only morphological
and density parameters are taken into account. Magnetic reso-
nance imaging (MR) adds functional information to high resolution
images particularly in some tissues, like brain. New sequences are
very promising for tissue characterization but the clinical utiliza-
tion is still to be assessed. Different carriers for gadolinium are
available to study different tissues increasing signal specificity
when compared to CT.

PET radiopharmaceuticals have the theoretical advantage of
high specificity due to specific binding to particular targets. Tracers
may be viewed as probes for specific metabolic pathways: i.e.
hexokinase activity, apoptosis, hypoxia, etc. [5]. In the clinical set-
ting this specificity is limited by the fact that the same metabolic
pathways are activated in neoplastic and non-neoplastic tissues.
Diagnostic accuracy might be flawed by inflammatory reaction
and physiological pattern of distribution of the tracer. For instance
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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granulomatous lesions might have FDG uptake as high as very
aggressive tumours, or the high background uptake of 11C-choline
in the liver might hinder huge metastatic invasion. Limited spatial
resolution is also an issue: for instance micro-embolic nodal
metastases are missed in PET and this reduces the accuracy of
the method to assess micrometastases [6]. Furthermore, different
radiopharmaceuticals should be used to image different tumour
types. For instance, bladder cancer is known not to be FDG avid
(Fig. 1), while prostate cancer can be detected with high sensitivity
with 11C-choline (Fig. 2).

Image standardization has been recently established for FDG
PET to overcome several differences existing in reported images,
which accounted for a lack of confidence in the technique from
radiation oncologist and oncologist [7]. Nonetheless, since PET is
going to be used even more frequently with radiopharmaceutical
Fig. 1. Primary bladder cancer. Axial slices of 18F-FDG PET (upper left), CT (lower left) and
but, due to low glucose consumption, no abnormality can be seen on PET images. Physi

Fig. 2. Metastatic prostate cancer. Axial slices of 11C-choline PET (upper left), CT (lower le
in the right proximal femur, without any abnormality on CT images.
different than FDG, the problem of standardization will still exist
for other radiopharmaceuticals as soon as they enter the clinical
use.

The use of imaging to better delineate the radiation treatment
target is a particular example of personalized treatment [8]. In fact,
instead of using a prior established field, the radiation dose is
shaped on the tumour for each single patient. The advantage of
functional imaging with PET is the possibility of further increasing
the accuracy of target delineation including only metabolic active
tissue.

The clinical setting and the objective of the treatment are essen-
tial in choosing the most appropriate imaging modality. If for a par-
ticular case the objective is to avoid the miss of the localization of
tumour cells, the most sensitive imaging modality or, in case of
PET, the most sensitive tracer and highly sensitive criteria for the
fusion images (right). The primary tumour is clearly depicted on CT images (arrow)
ological elimination of the radiopharmaceutical in the bladder is easily recognized.

ft) and fusion images (right). Focal uptake of the radiopharmaceutical is clearly seen



Table 1
PET sensitivity and specificity for different tumour types. Results often show large
variations in range due to the patients selection and lesions sizes, particularly for
lymph node staging. Therefore, this table should be used just as a reference. Further
details are described in the dedicated chapters of this journal’s issue. FDG is
considered unless otherwise stated.

Site Sensitivity (%) Specificity (%)

Brain Primarya 78–94 93–100
H&N Primary 93–100 90–100

Nodesb 76–85 33–67
NSCLC Primaryc 90 79–96

Nodes 83 89
Oesophagus Primary 94 92

Nodes 24–82 81–99
Cervical Primary 75 96

Nodes 38–91 83–100
Endometrial Primary 89–97 50

Nodes 53–100 99

a Amino acid PET.
b N0 neck.
c Lung nodules.
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image interpretation have to be chosen. This can determine that
non-neoplastic tissue (false positive finding) would be included
in the target volume. On the other hand almost all neoplastic, if
not absolutely all, cells would be irradiated, because of the high
negative predictive value that this procedure gives.

If the objective is to preserve non-neoplastic tissue and include
in the target volume only the tissue that is certainly neoplastic, the
most specific modality and specific criteria for the interpretation
have to be preferred. The price for that could be that some neoplas-
tic cells (false negative findings) would not be included in the
target volume. On the other hand we will avoid including non-
neoplastic tissue in the target volume, because of the high positive
predictive value. Table 1 briefly summarize data available for
sensitivity and specificity of PET imaging for different tumours
entities.

Thresholding for target delineation with PET is still a matter of
debate [9]. In fact no methodology has been assessed to be useful
in every clinical setting. As described in another session of this
journal’s issue, delineation of target volumes on PET images can
be done by hand or using automated segmentation methods. The
operator’s hand approach has the main limitation of a large vari-
ability of resulting contours. This operator dependent method re-
quires a lot of expertise and strict guidelines for the display
devices, without any robust standard to follow still defined. PET-CT
images are considered easier to delineate but it makes poor sense
to use an anatomic modality to better delineate functional images.
Another approach to reduce the variability of the delineation con-
sists in relying on automatic or semi-automatic segmentation
methods.

Whichever approach is going to be used, the fine tuning of the
method is going to affect diagnostic accuracy. The operator’s mind
might want to be set towards a more specific or sensitive reading
of images, therefore setting the threshold for the target volume
in different ways. In the same way, different parameters of the
automatic segmentation program might affect the final target vol-
ume identification.

In conclusion, in order to get a really personalized approach of
radiation target volume delineation in each patient, many param-
eters must be taken into account. The inclusion of clinical param-
eters pertaining to a single patient is going to heavily affect the
therapeutic approach, which should be the result of the best use
of technical and clinical information. This means the physicians
in charge of choosing the best treatment strategy for the patient
have still to choose whether they prefer to use a sensitive or spe-
cific approach to obtain the patient’s best outcome.
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During the last decade several different PET radiopharmaceuticals entered into the clinic and positron
emission tomography (PET) became an important tool for staging of cancer patients and assessing
response to therapy. Meanwhile FDG-PET has also found application in radiation treatment planning.
Potential radiopharmaceuticals for radiation treatment planning may also include tracers allowing mon-
itoring of proliferation, amino acid metabolism, hypoxia, lipid metabolism and receptor expression. Here
the syntheses of a selection of clinically tested promising tracers are summarized and the different
molecular mechanisms for accumulation are discussed which may help to choose the appropriate tracer
for planning radiation treatment strategies.
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Positron emission tomography (PET) scanning is a significant
advance in cancer imaging and has improved the management of
patients with cancer. The most commonly used radiopharmaceuti-
cal is 2-[18F]fluoro-2-D-deoxyglucose ([18F]FDG). FDG-PET, espe-
cially when combined with structural imaging, such as computed
tomography (CT), provides the most accurate information for stag-
ing of many common cancers. However, over the last decade more
and more PET radiopharmaceuticals are entering the clinics. These
include radiolabelled amino acids, nucleoside derivatives, choline
derivatives, nitroimidazole derivatives, and peptides targeting a
variety of different receptors. Thus, molecular imaging using PET
enables the visualization of various molecular pathways in tumour
biology including metabolism, proliferation, oxygen delivery, pro-
tein synthesis as well as receptor and gene expression.

PET with these radiopharmaceuticals can be used for tumour
staging, for prediction of tumour response to therapy, for the
detection of early recurrence, and for the evaluation of modifica-
tions in organ function after treatment [1]. PET and especially
FDG-PET has also taken on increasing importance for radiation
treatment planning [2]. Here it can provide additional information
for target volume selection and delineation. But, not only [18F]FDG
may supply helpful information which may influence radiation
treatment planning, for example 11C-methionine is currently one
of the best available PET tracer for delineating brain tumour con-
ciety for Therapeutic Radiology an

chstr. 35, Innsbruck, Austria.
tours [3]. but also 18F-fluorotethyltyrosine has potential for radia-
tion treatment planning in patients with brain tumours [4]. For
imaging prostate cancer 11C- and 18F-labelled choline derivatives
are promising tracers [5]. Also tracers allowing non-invasive deter-
mination of the oxygen supply of the tumour are of interest for
radiation treatment planning. Tracers allowing imaging of hypoxic
tumour cells include [18F]FMISO, [18F]FAZA, and [64Cu]ATSM [6].
18F-Fluorothymidine [7] is a nucleoside derivative which allows
monitoring of thymidine kinase activity, a surrogate for prolifera-
tion, which may also add information to adequate radiation treat-
ment planning (a summary of the tracers discussed is found in
Table 1).

In this chapter the syntheses of a variety of different radiophar-
maceuticals for PET imaging are summarized and the molecular
processes which are responsible for tracer accumulation are dis-
cussed. There may be a variety of other compounds which are in
preclinical testing or even in initial clinical trials or which never
became a tracer with broad use in clinical routine. These com-
pounds are not discussed in this chapter which should help in
choosing the appropriate tracer for planning corresponding radia-
tion treatment strategies.

Imaging of glucose metabolism

Accumulation mechanism and synthesis of [18F]FDG

As already mentioned molecular imaging using PET has brought
an additional dimension to the treatment management of cancer
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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Table 1
Summary of the tracer discussed. This includes the most common tracers of each category or tracers which are already in first clinical studies. No tracers are listed which are only
under preclinical development.

Molecular uptake mechanism Tracer Isotope Organs of highest physiological uptakea Availabiltiy

Amino acid transport
and protein synthesis

Methionine C-11 Liver, salivary glands, lachrymal glands, bone
marrow, pancreas, bowels, renal cortical,
urinary bladder

In-house production/cyclotron

Fluoroethyltyrosine F-18 Pancreas, kidneys, liver, heart, brain, colon,
muscle

In-house production/cyclotronb

FDOPA F-18 Pancreas, liver, duodenum, kidneys,
gallbladder, biliary duct

Commercially available

Glucose metabolism FDG F-18 Brain, myocardium, breast, liver, spleen
stomach, intestine, kidney, urinary bladder,
skeletal muscle, lymphatic tissue, bone
marrow, salivary glands, thymus, uterus,
ovaries, testicle, brown fat

Commercially available

Proliferation FLT F-18 Bone marrow, intestine, kidneys, urinary
bladder, liver

In-house production/cyclotronb

Hypoxia FMISO F-18 Liver, urinary excretion In-house production/cyclotronb

FAZA F-18 Kidneys, gallbladder, liver, colon In-house production/cyclotron
Cu-ATSM Cu-64 Liver, kidneys, spleen, gallbladderc In-house production/cyclotronb

Lipid metabolism Choline C-11 Liver, pancreas, spleen, salivary glands,
lachrymal glands, renal excretion, bone
marrow, intestine

In-house production/cyclotron

Fluoroethylcholine F-18 Liver, kidneys, salivary glands, urinary bladder,
bone marrow, spleen

In-house production/cyclotronb

Acetate C-11 Gastrointestinal tract, prostate, bone marrow,
kidneys, liver, spleen, pancreas

In-house production/cyclotron

Angiogenesis/integrin binding Galacto-RGD F-18 Bladder, kidneys, spleen, liver In-house production/cyclotron
AH111585 F-18 Bladder, liver, intestine, kidneys In-house production/cyclotron

SSTR binding DOTATOC Ga-68 Pituitary and adrenal glands, pancreas, spleen,
urinary bladder, liver, thyroid

In-house production/generator

DOTATATE Ga-68 Spleen, urinary bladder, liver In-house production/generator

a Uptake ranking is from higher to lower organ activity concentration.
b In some countries commercially available but yet without marketing authorization.
c Estimated from calculations using 60Cu-ATSM-PET.
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patients. The most commonly used radiotracer is 2-[18F]fluoro-2-D-
deoxyglucose ([18F]FDG), which allows to assess the metabolic
state of malignant lesions. Thus, also most published radiation
treatment planning studies involve [18F]FDG (for review see e.g.
[2]).

[18F]FDG is a glucose derivative where the hydroxy function in
position 2 is replaced by the radioactive fluorine isotope. The accu-
mulation of [18F]FDG (for review see e.g. [8]) is based on enhanced
glycolysis, which has often been associated with the growth rate
and malignancy potential of the tumour. Glucose is an important
nutrient for all cells playing an essential role in the cellular energy
metabolism. [18F]FDG is similar as glucose transported via glucose
transporters (mainly GLUT-1 and GLUT-3) into the cell and phos-
phorylated via hexokinase. Because of the missing hydroxy func-
tion in position 2 subsequent metabolism via G6-phosphate
isomerase, as found for glucose-6-phospate, is not possible. Hence,
the [18F]FDG-6-phosphate is not further degraded and, addition-
ally, due to the negative charge, can not penetrate the cell mem-
brane leading to the trapping in the cell (for schematic
presentation of the uptake mechanism see Fig. 1). Thus, [18F]FDG
can be used to study alterations in glucose uptake, which is a mar-
ker for the viability of cells [9].

In tumour cells glucose transport and metabolism is altered
leading to an increased [18F]FDG uptake compared to normal cells.
One mechanism for the high glycolytic rate in tumour cells appears
to be the over-expression of GLUT-1 and GLUT-3 [10] another is
found in the highly active hexokinase bound to tumour mitochon-
dria, a phenomenon which is not present in normal cells [11]. How-
ever, not only tumour cells show high [18F]FDG uptake. E.g. High
background glucose metabolism of normal grey matter structures
results in low tumour-to-background ratios when imaging brain tu-
mours. Moreover, due to repair processes induced by reactions after
therapeutic interventions, macrophages will also infiltrate the tu-
mour showing comparable [18F]FDG uptake as viable tumour cells.
In one study it has been shown that a maximum of approx. 25% of
the total [18F]FDG uptake measured in the tumour tissue was due to
uptake in macrophages and granulation tissue [12]. Moreover, it is
suggested that hypoxia increases uptake of [18F]FDG through acti-
vation of the glycolytic pathway (e.g. an increased expression of
GLUT-1 was found in hypoxic breast cancer cells) [13]. Thus, anal-
ysis of [18F]FDG PET data has to be carried out carefully also taking
into account the limitations of this technique.

Based on the synthesis described by Ido et al. in 1977 [14] two
different strategies have been developed. One is focused on the
electrophilic fluorination of 3,4,6-triacetyl-D-glucal (TAG) using
acetylhypofluorite [15]. The other introduced an aminopoly-
ether-supported nucleophilic substitution of 1,3,4,6-tetracetyl-2-
trifluoromethan sulfonyl-b-D-mannose [16]. Due to the higher
radiochemical purity and especially higher specific activity avail-
able, in addition with the advantage of getting an epimeric pure
product, the latter strategy is now the almost exclusive way of pro-
ducing [18F]FDG (for overview see [9]). For this process a variety of
automated synthesis modules are available which allow produc-
tion of high amounts of [18F]FDG in high radiochemical yield (ap-
prox. 70% uncorrected) in short reaction times (approx. 30 min).
Imaging amino acids transport and protein synthesis

Available amino acid radiopharmaceuticals

Radiolabelled amino acids are well-established for tumour
imaging. Although lesion detection remains an important aspect,
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there is a growing emphasis on therapy planning, evaluating re-
sponse to treatment and providing prognostic information. For this
purpose 11C- as well as 18F-labelled amino acid derivatives are
available. A variety of amino acids have been labelled with 11C-car-
bon. This includes the naturally occurring L-[11C]leucine [17], L-
[methyl-11C]methionine ([11C]MET) [18], and L-[1-11C]tyrosine
[19] as well as unnatural aliphatic (e.g. [11C]AIB) and alicyclic
(e.g. [11C]ACPC) amino acids (for review see [20]). However, the
most well-established 11C-labelled amino acid is [11C]MET.
[11C]MET can be prepared by various synthetic pathways (see e.g.
[21]). All methods rely on the alkylation of the sulphide anion of
L-homocysteine with either [11C]methyl iodide or [11C]methyl tri-
flate. Variations in the synthesis routes lead only to negligible dif-
ferences in e.g. specific activity as well as enantiomeric,
radiochemical and chemical purity.

In contrast to 11C-labelled amino acids labelling with 18F-fluo-
rine always results in unnatural amino acids. Most commonly
aromatic amino acids were used for labelling with 18F. The most
well-established tracer for clinical studies are O-(2-[18F]fluoroeth-
yl)-L-tyrosine ([18F]FET) and 3,4-dihydroxy-6-[18F]fluoro-L-phenyl-
alanine ([18F]FDOPA). [18F]FET can be prepared either in a two-step
synthesis directly from the disodiumsalt of L-tyrosine using
[18F]fluoroethyltosylate as prosthetic group or via direct nucleo-
philic 18F-fluorination of N-protected O-(2-tosyloxyethyl)-L-tyro-
sine in good radiochemical yields and high specific activities [22].
In contrast, [18F]FDOPA is mainly produced via electrophilic radio-
fluorodestannylation of N-formyl-3,4-di-tert-butoxycarbonyl-6-
(trimethylstannyl)-L-phenylalanine using [18F]F2 followed by acidic
removal of the protecting groups [23].
Biological characteristics of amino acid-based tracer

Amino acid tracers were initially developed with the intention
to measure protein synthesis rates. However, the rate of amino
acid transport rather than the protein synthesis rate seems to be
the major determinant of tracer uptake in tumour imaging studies
(schematic uptake mechanism is presented in Fig. 2).

Tumour cells express a variety of amino acid transporters. So far
the development of PET imaging agents has focused on substrates
of systems L and/or A [20]. However, most tracers are transported
by more than one system as the different amino acid transport sys-
tems demonstrate an overlapping substrate specificity. For exam-
ple [11C]MET is predominately transported via system L but to a
lesser extent also via system A and ASC. The transport system L
(leucine preferring) is sodium independent and carries amino acids
with large neutral side chains. There are at least four subtypes
named LAT1 to LAT4. Systems A (alanine preferring) and ASC (ala-
nine, serine, cysteine) are sodium dependent and transport small
neutral amino acids. Due to their bulky side chains the 18F-labelled
aromatic amino acids are preferably transported via the L-system.
The modifications occurring due to the insertion of 18F-fluorine are
in most cases well-tolerated by this transport system. But in con-
trast to natural L-amino acids most fluorinated amino acids are
not incorporated in proteins.

Nevertheless studies comparing [11C]MET and [18F]FET in brain
tumour patients showed similar distribution patterns and similar
tumour-to-blood ratios (e.g. [22]). An advantage of using unnatu-
ral instead of natural amino acids may be the improved metabolic
stability of the first avoiding problems with metabolites which
may decrease tumour specificity and complicate kinetic analysis.
Moreover, animal studies suggest that [18F]FET, in contrast to
[18F]FDG and also [11C]MET, is not accumulated in inflammatory
tissue making it potentially superior for distinguishing neoplasm
from inflammation [24]. The reason for the differences in the up-
take of [18F]FET and [11C]MET in inflammatory tissue is not com-
pletely understood, yet. The authors discuss that the difference
may be caused by a different expression of transport system
subtypes.

[18F]FDOPA is a 18F-labelled analogue of the naturally occurring
L-DOPA and has been used extensively for evaluating the dopami-
nergic system in the brain. There is a physiological high uptake and
retention of [18F]FDOPA in substancia nigra and striatum [25]. But
it also shows high uptake in primary brain tumours due to amino
acid transport. Current data suggest that FDOPA transport is
mainly mediated by the L system [26]. In addition to brain tumour
imaging, [18F]FDOPA has also been used for imaging extracranial
tumours [27]. It was found that the enzyme aromatic amino acid
decarboxylase (AADC), for which [18F]FDOPA is a substrate, is ex-
pressed in many tumours of neuroendocrine origin.
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Hypoxia imaging

Available hypoxia imaging tracers

Tumour hypoxia is considered as an important factor for resis-
tance to radiotherapy and appears to be an independent risk factor
for tumour progression. Thus, imaging oxygenation of tumours is
of great interest especially for radiation treatment.

At the moment, the most common PET tracers for imaging hy-
poxia are 1-[2-nitro-1-imidazolyl)-3-[18F]fluoro-2-propanol ([18F]
FMISO), 1-(5-[18F]fluoro-5-deoxy-a-D-arabinofuranosyl)-2-nitro-
imidazole ([18F]FAZA) and [64Cu]copper(II)-diacetyl-bis(N4-meth-
ylthiosemicarbazone [64Cu]ATSM (see also Table 2). Synthesis of
the nitroimidazole derivatives [18F]FMISO and [18F]FAZA can be
carried out via nucleophilic fluorination of 1-(2-nitro-1-imidazo-
lyl)-2-O-tetrahydropyranyl-3-O-toluene-sulfonylpropane-diol and
1-a-D-(2,3-diacetyl-5-tosyloxy-arabinofuranosyl)-2-nitroimidazole,
respectively. After 18F-fluorination protection groups are removed
and the corresponding product is isolated via RP-HPLC. Both trac-
ers can be produced in high specific activity and radiochemical
purity (see e.g. [28]). However, radiochemical yields are much
higher for [18F]FMISO (80%; decay corrected) than for [18F]FAZA
(20%; decay corrected).

Synthesis of [64Cu]ATSM is straight forward. It can be produced
by incubating cyclotron-produced 64CuCl2 in a buffer solution in
the presence of H2ATSM at room temperature within a few min-
utes [29]. After passing the reaction solution through a C18-SepPak
cartridge the product can be obtained in high radiochemical purity.
Due to the short incubation time and the loss of complex deprotec-
tion and purification steps synthesis of [64Cu]ATSM is much easier
and faster than synthesis of [18F]FMISO and [18F]FAZA. One disad-
vantage might be the long half-life of 64Cu (t1/2 = 12.7 h), which
may result in higher radiation burden for the patient. Anyway, an
investigational new drug application for [64Cu]ATSM was recently
approved by the FDA, paving the way for a multicenter trial vali-
dating the utility of this tracer, which may result in an FDA ap-
proval for routine clinical use.
Biological characteristics of hypoxia imaging tracer

[18F]FMISO has a partition coefficient near unity indicating that
it can unspecifically penetrate almost all cell membranes. Intracel-
lular, nitroreductases can transfer an electron to the nitro group of
the nitroimidazole. In normoxic cells this electron is rapidly trans-
ferred to oxygen and [18F]FMISO changes back to its original struc-
ture allowing diffusion of the tracer out of the cell. When oxygen is
lacking (threshold of the oxygen level is approx. 10 mm Hg), how-
ever, a second electron transfer reduces the nitroimidazole to a
very reactive intermediate, which binds to proteins and RNA with-
in the cell and therefore, becomes trapped intracellular (schematic
uptake mechanism is found in Fig. 3). Thus, [18F]FMISO uptake is
inversely related to the intracellular partial pressure of oxygen
[30]. The same mechanism mediates the accumulation of
[18F]FAZA by hypoxic cells. Due to the included sugar moiety
[18F]FAZA is more hydrophilic than [18F]FMISO. This leads to a
Table 2
Summary of some characteristics of the mostly used hypoxia imaging PET tracers.

Tracer Isotope Half life Average synthesis
timea (min)

Average yield

FMISO F-18 109.7 min 50–60 �80% (decay corrected)
FAZA F-18 109.7 min 50 �20% (decay corrected)
Cu-ATSM Cu-64 12.7 h 10–20b �95% (non decay corrected

a Time for isotope production and lead time is not included.
b Estimated from the process described in Ref. [28].
more rapid renal elimination of [18F]FAZA and results in a higher
contrast between hypoxic and normoxic tissues [31]. Anyway,
the image quality in patient studies seems not to be this much bet-
ter. Thus, at the moment most studies are carried out with the ear-
lier established [18F]FMISO. Anyway further studies including
quantitative analysis of the PET-signals may demonstrate which
compound is superior.

There are several proposed trapping mechanisms for
[64Cu]ATSM (for review see [32]). Most recent studies including
chemical, electrochemical, spectroscopic and computational meth-
ods suggest a slightly revised trapping mechanism [33]. Although
the mechanism of cellular-uptake is uncertain it is assumed that,
based on the properties of [64Cu]ATSM, cellular uptake is due to
passive diffusion independent from the oxygenation status of the
cell. In the cell, via an enzyme-mediated reduction, [Cu(I)ATSM]�

is generated in normoxic as well as hypoxic cells. In normoxic cells,
rapid and facile re-oxidation occurs resulting in the neutral Cu(II)
starting complex [64Cu]ATSM which can penetrate the cell mem-
brane and thus, not only diffuse into but also out of the cell. In hyp-
oxic cells, strongly depending on the pH, [Cu(I)ATSM]� is
protonated, which results in the instable [Cu(I)-ATSMH] (in the ab-
sence of a proton source [Cu(I)ATSM]� is stable towards ligand dis-
sociation). [Cu(I)-ATSMH] dissociates allowing interaction of Cu(I)
with proteins within the cell leading to the final trapping products.

There are only very few studies which compare the capacities of
[18F]FMISO and [64Cu]ATSM concerning monitoring the oxygena-
tion status in the tumour. All these studies are carried out using
murine tumour models. In one study using squamous cell carci-
noma (SCCVII) bearing mice [64Cu]ATSM uptake was unable to
Proposed uptake mechanism

Second electron transfer to nitroimidazol-group under hypoxic conditions
Second electron transfer to nitroimidazol-group under hypoxic conditions

)b Instability of Cu(I))-complex under hypoxic conditions
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predictably detect changes in hypoxia if oxygenation status was
modulated whereas [18F]FMISO tumour uptake was more respon-
sive to changes of the oxygenation status [34]. Another group
[35] studied [18F]FMISO and [64Cu]ATSM uptake in rats bearing dif-
ferent tumours. They found for rats bearing an anaplastic prostate
tumour (R3327-AT) a poor correlation between the intra-tumoural
distribution if [18F]FMISO uptake 4 h p.i. is compared with
[64Cu]ATSM uptake 2 h p.i. but a good correlation if [18F]FMISO up-
take 4 h p.i. is compared with [64Cu]ATSM uptake 16 h p.i. This is
explained with a significant temporal evolution of [64Cu]ATSM up-
take between 0.5 and 20 h in this tumour type. In contrast, for rats
bearing a human squamous cell carcinoma (FaDu) no differences
were found. The early and the late [64Cu]ATSM microPET images
were similar and in general concordant with the [18F]FMISO
images. Altogether these data demonstrate the complexity of the
accumulation mechanism of both tracers and indicate that further
studies are needed for a final assessment.
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Available imaging probes

Choline was initially labelled with 11C-carbon, which results in
the isotopic tracer. Synthesis of [11C]choline can be carried out by
two different routes [36]. Both are based on the 11C-methylation of
2-(dimethylamino)-ethanol (DMAE) but uses either [11C]methylio-
dide or [11C]methyltriflate as precursor. Synthesis was carried out
either in solution, fixed on cartridges or by loading the DMAE into a
loop. Depending on the method used radiochemical yields up to
95% could be obtained. [11C]choline was found to visualize a vari-
ety of tumours including prostate cancer [37]. However, to benefit
from the longer half-life 18F-labelled derivatives were developed.
Labelling with 18F results in the analogue tracers [18F]fluor-
omethylcholine ([18F]FCH) and [18F]fluoroethylcholine ([18F]FECH;
sometimes also abbreviated [18F]FCH making distinction as to
which tracer is used in some studies difficult). In contrast to
[11C]choline production, synthesis of [18F]FECH and [18F]FCH is a
two-step process. For the synthesis of [18F]FECH [38] 2-[18F]fluoro-
ethyl tosylate is generated via nucleophilic 18F-fluorination of 1,2-
bis(toxyloxy)ethane. This is converted to [18F]FECH by dissolving
2-[18F]fluoroethyl tosylate in N,N-dimethylethanolamine. For this
two-step synthesis the decay corrected radiochemical yield is ap-
prox. 46%. In the first step of the [18F]FCH synthesis [39]
[18F]bromofluoromethane is produced via nucleophilic substitu-
tion of dibromomethane. [18F]bromofluoromethane can either be
directly used for alkylation of N,N-dimethylethanolamine or after
online conversion to [18F]fluoromethyl triflate resulting in radio-
chemical yields between 30% and 40%.

Radiolabelled acetate is another tracer especially used for pros-
tate cancer imaging. Similarly to choline, the compound was la-
belled either with 11C resulting in the isotopic [11C]acetate
([11C]ACE) or with 18F resulting in the analogue tracer [18F]fluoro-
acetate ([18F]FAC). Synthesis of [11C]ACE is based on a Grignard
reaction [40]. Thus, after production of [11C]CO2 the radioactive
gas is bubbled through a methyl magnesium bromide solution
resulting, after hydrolysis using phosphoric acid, in the desired
product in radiochemical yields up to 70% [41]. [18F]FAC synthesis
follows the ‘‘classical” nucleophilic 18F-fluorination pathway using
ethyl O-mesylglycolate which is subsequently hydrolyzed with so-
dium hydroxide to the final product in radiochemical yields of ap-
prox. 55% [40].
Both tracers are transported into the cell via choline transport systems. In the cell,
choline kinase, phosphorylates the compounds resulting in the corresponding
phosphorylcholine derivatives. These can further be phosphorylated and trans-
ferred to phoshatidylcholine derivatives which can finally be incorporated into the
cell membrane. However, it is discussed that either the transport or the first
phosphorylation is the rate determining step.
Biological characteristics

In many cancers high levels of phosphorylcholine have been
found, whereas in the corresponding normal tissue only low levels
are found [42]. Phosphorylcholine is the first intermediate in the
incorporation of choline into phospholipids by the Kennedy path-
way [43]. However, whether the corresponding choline kinase
reaction or an upstream transporter mainly determines tracer
accumulation is currently not entirely clear. It has been demon-
strated that the choline transport systems tolerate synthetic ana-
logues. It seems that two methyl groups are essential and that
the third methyl group can be replaced with longer alkyl groups
[44]. Very similar results have been obtained by studying the sub-
strate specificity of choline kinase for such analogues [45]. There it
was found that besides the two methyl groups the hydroxyethyl
group is also of importance. Again the third methyl group could
be replaced by longer alkyl groups. All these data indicate that up-
take mechanisms for [11C]choline, [18F]fluoromethylcholine, and
[18F]fluoroethylcholine are quite similar [8] (schematic uptake
mechanism is found in Fig. 4). However, uptake studies with PC-
3 prostate cancer cells indicate higher uptake of [11C]choline and
[18F]fluoromethylcholine compared with [18F]fluoroethylcholine
after 2 h incubation at 37 �C [39]. In the clinical setting uptake usu-
ally plateaus within 10–20 min after injection indicating that the
transport may be the rate determining step, which is confirmed
by additional experimental studies suggesting that choline trans-
port and not phosphorylation is the key step for choline uptake
in cancer cells [8].

It is assumed that in the myocardium 11C-carbon labelled ace-
tate ([11C]ACE) is quickly metabolized to [11C]CO2 via the tricar-
boxylic acid cycle, which is then rapidly released from the cells.
In contrast, [11C]ACE has been shown to steadily accumulate in
prostate cancer and other tumours. Thus, it is discussed that in
cancer cells [11C]ACE enters the lipid synthesis and therefore, be-
comes trapped intracellularly. Fluoroacetate is a toxic compound
found in the South African poison plant Dichapetalum chymosum.
Similarly to acetate, fluoroacetate is a substrate for acetyl coen-
zyme A synthase, but with a lower specificity [46]. Toxicity is
due to its conversion to fluorocitric acid, which is an inhibitor of
the tricarboxylic acid cycle. Anyway, Ponde et al. [40] calculated
that maximum [18F]FAC concentration in patients is 10�6 times
the human LD50 and found in animal studies that uptake in pros-
tate cancer is very similar to [11C]ACE. However, because of its lack
of oxidative metabolism [18F]FAC shows a relatively slower clear-
ance than [11C]ACE and is only rarely used in clinical settings.
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Imaging proliferation

Available imaging probes

Tumour cell proliferation has been studied with [11C]thymidine
and 30-[18F]fluoro-30-deoxythymidine ([18F]FLT), a thymidine ana-
logue where the hydroxyl function in position 30 is replaced by
18F-fluorine [47]. Although imaging of tumour cell proliferation
with [11C]thymidine has been shown to be feasible in patients,
its fast and complex metabolism and the resulting demands on
the construction of corresponding input functions was an obstacle
to wider acceptance as a PET radiopharmaceutical [48]. As a prac-
tical alternative [18F]FLT has been developed.

Different approaches for the production of [18F]FLT are de-
scribed. They mainly differ in the use of the precursor, but have
in common, that for the nucleophilic substitution reaction, an acti-
vation at position 30 is necessary. For this purpose one strategy
uses 2,30-anhydrothymidine and the other 30-O-nosylthymidine
derivatives. Since hydroxyl groups are thought to decrease the
nucleophilicity of the [18F]fluoride all synthesis routes use 50-pro-
tected derivatives (e.g. benzoyl or dimethoxytrityl). Grierson and
Shields [49] described this by using 3-N-dimethoxybenzyl-50-
dimethoxytrityl-30-O-nosylthymidine in a three step synthesis
including nucleophilic substitution of the nosyl leaving group, re-
moval of the protection groups by ceric ammonium nitrate and iso-
lation of the final product by RP-HPLC. This synthesis allows
production of [18F]FLT within approx. 90 min in approx. 8% yield.
Machulla et al. [50] used 50-O-(4,40-dimethoxytrityl)-2,30-anhyd-
rothymidine and could produce [18F]FLT within 90 min in approx.
7% yield. Newer approaches use 3-N-Boc-1-[5-O-(4,40-dimethoxy-
trityl)-3-O-nosyl-2-deoxy-b-D-lyxofuranosyl]thymidine [51] and
can produce in a three step procedure including synthesis, depro-
tection (hydrochloric acid), neutralization (sodium hydroxid), and
HPLC purification [18F]FLT in approx. 60 min in 21 ± 4% yield (per-
sonal communications).
Biological characteristics of [18F]FLT

[18F]FLT enters the cell via nucleoside transporters and to a les-
ser extent via passive diffusion [48]. However, the rate-limiting
step for [18F]FLT uptake is the initial phosphorylation by thymidine
kinase 1 [47] (schematic uptake mechanism is found in Fig. 5).
Even further phosphorylation is possible but, based on the missing
30-hydroxyl function, only negligible amounts are incorporated
into the DNA. However, due to the negative charge of the phos-
phate group, it is unable to penetrate biological membranes and
thus, is trapped inside the cell. There is some dephosphorylation
via 50-deoxynucleotidases, but the rate is relatively slow compared
to the thymidine kinase activity. Thus, the accumulation of
[18F]FLT-phosphates forms the basis of [18F]FLT-PET imaging.

Thymidine kinase activity is known to fluctuate during the cell
cycle. It has been shown that high levels of thymidine kinase are
observed during the S-phase [48], as well as in a number of rapidly
proliferating and malignant cells, where enzyme expression is in-
creased up to 15-fold with respect to normal cells.

Since uncontrolled proliferation represents a hallmark of cancer
cells, there is great interest in imaging tumour cell proliferation,
especially before and after therapeutic interventions [47]. How-
ever, in many common solid tumours only a rather low fraction
of tumour cells is in S-phase. As a consequence, uptake of
[18F]FLT has been found to be markedly lower than that of
[18F]FDG in most solid tumours. This makes [18F]FLT less-suited
for tumour staging. However, it is expected that [18F]FLT may play
an important role in monitoring tumour response to therapy. Ani-
mal studies have repeatedly indicated that arrest of tumour cells in
the G1 phase causes a rapid and marked decline in FLT uptake. Yet
some drugs may cause a temporary increase in [18F]FLT uptake. For
example, chemotherapeutic agents that block thymidine synthesis
have been shown to cause an activation of thymidine kinase activ-
ity and [18F]FLT uptake. Further studies comparing [18F]FLT with
[18F]FDG-PET including quantitative analysis will be important to
determine the complementary advantage of both techniques in
early cancer therapy response assessment.

Other imaging probes in clinical evaluation

RGD-peptides as angiogenesis marker

Angiogenesis is a complex multistep process involved in a vari-
ety of pathological processes including rheumatoid arthritis, dia-
betic retinopathy, psoriasis, restenosis and tumour growth [52].
Especially for the last a variety of drugs are currently developed
and studied. Thus, imaging techniques allowing non-invasive mon-
itoring of corresponding molecular processes will be of great inter-
est for basic research as well as for planning and controlling
corresponding anti-angiogenic therapies. One target structure in-
volved in the angiogenic process is the integrin avb3, which medi-
ates the migration of activated endothelial cells during vessel
formation. It was found that peptides containing the amino acid se-
quence Arg-Gly-Asp (single letter code: RGD) bind with high affin-
ity to this receptor (schematic binding mechanism is found in
Fig. 6).

Meanwhile, a variety of radiolabelled RGD-peptides have been
introduced for monitoring avb3 expression using nuclear medicine
tracer techniques (for review see e.g. [52]). For imaging with PET
peptides have been labelled with, 18F-flourine, 68Ga-gallium or
64Cu-cupper. One class of RGD-peptides used already in clinical tri-
als is based on the disulfide including double-bridged derivative
([18F]AH111585) [53]. In an initial study including 7 breast cancer
patients most of the lesions which have been detected with CT
could also be identified using [18F]AH111585. Moreover, it was
found that [18F]AH111585 is safe and metabolically stable.

Most intensively studied in preclinical as well as clinical set-
tings is the 18F-labelled glycosylated-cyclic pentapeptide [18F]Ga-
lacto-RGD [54]. More than 100 patients were investigated
including patients with malignant melanoma, glioblastoma, head
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Fig. 6. Schematic presentation of uptake of radiolabelled-somatostatin derivatives
and radiolabelled-RGD-peptides: (A) Somatostatin derivatives (e.g. radiolabelled
DOTATOC and DOTATATE) bind to the somatosatin receptor (SSTR) and are
internalized via endocytosis (a). After release of the tracer (b) the receptor can be
recycled (c). The major amount of the radiolabelled somatostatin derivative is
metabolized (d) resulting in fragments which can not penetrate the cell membrane
(e). (B) Radiolabelled RGD-peptides bind with high affinity to the integrin
(especially avb3). It is discussed that the receptor ligand complex can also be
internalized. However, at the moment corresponding studies are missing. In in vitro
internalization assays only small amounts of activity are found inside the cell (see
e.g. Ref. [69]). Thus, it is unclear if in vivo accumulation is mainly based on receptor-
binding or internalization.
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and neck cancer, breast cancer, sarcoma, non-small cell lung cancer
and prostate cancer (see e.g. [55]). These studies demonstrated
rapid, predominately renal tracer elimination, resulting in low
background activity in almost all organs and thus, good tumour-
to-background ratios. In one of these studies it has been demon-
strated that tracer uptake correlates with avb3 expression and,
moreover, with vessel density of avb3-positive vessels [55]. Meta-
bolic stability was found high in blood samples up to 120 min after
tracer injection. Tracer uptake in lesions showed great variances
with SUV’s ranging from 1.2 to 10.0. Moreover, great inter- as well
as intra-individual heterogeneity in tracer uptake was found
indicating great differences in receptor expression and thus, the
importance of such imaging modalities for therapy planning and
controlling. Comparison of [18F]FDG and [18F]Galacto-RGD uptake
in non-small cell lung cancer but also in patients with other lesions
demonstrate no correlation, confirming that different molecular
mechanisms are monitored and indicating that [18F]Galacto-
RGD-PET scans may supply additional helpful information about
the tumour biology [56].
SSTR ligands in meningiomas

Meningiomas are the most common intracranial primary tu-
mours, accounting for approx. 14–20% of all brain tumours in adults
[57]. Surgical resection is the preferred treatment [58]. Postopera-
tive-radiation therapy improves long-term local control and pre-
vents tumour re-growth, especially after incomplete surgical
removal. For target volume definition computed tomography and
magnetic resonance imaging are the standard techniques. However,
there are some limitations of these techniques for target delinea-
tion in infiltrative lesions [59]. Meningiomas show over-expression
of a variety of receptors including the somatostatin-receptor sub-
type 2 (SSTR2) [60]. In contrast to [18F]FDG, somatostatin-receptor
scintigraphy using PET showed very high meningioma-to-
background ratios and may supply additional information allowing
more detailed target volume definition [61]. Somatostatin is ubiq-
uitously distributed in the body and is an inhibitor of a variety of
hormonal systems and physiological functions (schematic bind-
ing/uptake mechanism is found in Fig. 6). For the somatostatin
receptor five subtypes are known. These are transmembrane do-
main G proteins which are over-expressed in many tumours includ-
ing neuroendocrine, lung, and breast tumours [62].

A variety of radiolabelled somatostatin derivatives are de-
scribed [63] including 18F- and 68Ga-labelled peptides for imaging
with PET [64]. Labelling of peptides with 18F-fluorine is normally
carried out via prosthetic groups implementing complex multistep
processes. In contrast, labelling via 68Ga-gallium is a straightfor-
ward method producing the labelled peptide in a simple process
allowing easy automatization for clinical routine production (e.g.
[65]). An additional advantage is that 68Ga is produced in a com-
mercially available generator system making its use independent
from a cyclotron production. Thus, at the moment all routinely
used radiolabelled somatostatin analogues for PET are labelled
with 68Ga-gallium [61]. The most prominent labelling precursors
are 1,4,7,10-tetraazacyclododecane-N,N0,N00,N000-tetraacetic-acid-D-
Phe1-Tyr3-octreotide (DOTATOC) and 1,4,7,10-tetraazacyclodode-
cane-N,N0,N00,N000-tetraacetic-acid-D-Phe1-Tyr3-octreotate (DOTA-
TATE). Especially DOTATOC is used for diagnostic imaging with
68Ga-gallium. Two different production routes are possible. The
differences are mainly found in the handling of the 68Ga-solution
eluted from the generator. One strategy includes pre-concentration
of the eluate using anion [66] or cation [67] exchange columns. The
other approach uses fractionated elution [68]. The first approach
eliminates possible 68Ge breakthrough in the pre-concentration
step and is more flexible concerning reaction volume. The latter
is much easier to handle but the elimination of possible 68Ge-re-
leased from the generator has to be guaranteed by additional steps.
Anyway, for both production routes remote-controlled systems are
commercially available allowing easy production of the corre-
sponding 68Ga-labelled somatostatin derivatives.
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a b s t r a c t

The positron emission tomography in combination with CT in hybrid, cross-modality imaging systems
(PET/CT) gains more and more importance as a part of the treatment-planning procedure in radiotherapy.
Positron emission tomography (PET), as a integral part of nuclear medicine imaging and non-invasive
imaging technique, offers the visualization and quantification of pre-selected tracer metabolism. In com-
bination with the structural information from CT, this molecular imaging technique has great potential to
support and improve the outcome of the treatment-planning procedure prior to radiotherapy. By the
choice of the PET-Tracer, a variety of different metabolic processes can be visualized. First and foremost,
this is the glucose metabolism of a tissue as well as for instance hypoxia or cell proliferation. This paper
comprises the system characteristics of hybrid PET/CT systems. Acquisition and processing protocols are
described in general and modifications to cope with the special needs in radiooncology. This starts with
the different position of the patient on a special table top, continues with the use of the same fixation
material as used for positioning of the patient in radiooncology while simulation and irradiation and
leads to special processing protocols that include the delineation of the volumes that are subject to treat-
ment planning and irradiation (PTV, GTV, CTV, etc.). General CT acquisition and processing parameters as
well as the use of contrast enhancement of the CT are described. The possible risks and pitfalls the inves-
tigator could face during the hybrid-imaging procedure are explained and listed. The interdisciplinary use
of different imaging modalities implies a increase of the volume of data created. These data need to be
stored and communicated fast, safe and correct. Therefore, the DICOM-Standard provides objects and
classes for this purpose (DICOM RT). Furthermore, the standard DICOM objects and classes for nuclear
medicine (NM, PT) and computed tomography (CT) are used to communicate the actual image data cre-
ated by the modalities. Care must be taken for data security, especially when transferring data across the
(network-) borders of different hospitals.

Overall, the most important precondition for successful integration of functional imaging in RT treat-
ment planning is the goal orientated as well as close and thorough communication between nuclear med-
icine and radiotherapy departments on all levels of interaction (personnel, imaging protocols, GTV
delineation, and selection of the data transfer method).
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear
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PET system characteristics

Positron Emission Tomography (PET), as an integral part of nu-
clear medicine imaging, is a non-invasive imaging technique offer-
ing the visualization and quantification of pre-selected tracer
metabolism [1]. The design concepts of PET systems are discussed
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rmany.
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in detail in [2]. All commercial PET systems today come as a full-
ring arrangement of detector blocks [3] or curved pixelar arrays
[4], both covering an axial imaging range of up to 23 cm. The scin-
tillators-of-choice are LSO, or LYSO, and GSO [5,6], offering a higher
light output and shorter decay times, thus leading to overall im-
proved count rate statistics compared to BGO-based PET systems.
Over the past decade PET tomographs have become 3D-only [2],
which is synonymous with a fivefold increase in volume sensitivity
over conventional 2D-PET systems with inter-plane septa. State-
of-the-art PET systems offer a point source sensitivity of �3% at
a spatial resolution of �4 mm. Both values can be improved
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Fig. 1. PET (A) and PET/CT (B) system design and imaging protocol. (A) PET transmission and emission scanning are performed consecutively and stepwise for a pre-defined
number of bed positions. The transmission data are used for attenuation and scatter correction (AC) of the emission data. Total scan time is about 30 min at 3/1 min for
emission/transmission per bed and 7 bed positions. (B) In combined PET/CT imaging the standard PET transmission scan is replaced by a single, continuous spiral CT scan and
the total examination time is shortened to about 20 min for the same co-axial scan range. The CT images are used for AC of the emission data. Courtesy Thomas Beyer, PhD
(cmi-experts GmbH, Zurich, CH).
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with dedicated brain-PET systems (5.6% and 2.1 mm, respectively),
neither of these are, however, available in combined PET/CT
systems.

Combined PET/CT have started to replace stand-alone PET de-
vices [7]; today about 75% of all PET systems installed in Europe
are PET/CT. Fig. 1 shows the design of combined PET/CT systems
and the corresponding workflow. Standard PET/CT acquisition
protocols will be discussed below. Here we limit the review to spe-
cific design concepts of the combined system.

All PET/CT systems for clinical use combine a whole-body PET and
a standard, clinical multi-slice CT within a single gantry. Various de-
sign concepts exist (Fig. 2), all aiming at reducing footprint and
bringing the PET and CT components as close together as possible.
However, despite early efforts on a fully integrated emission-CT sys-
tem [8] no fully integrated, single-detector PET/CT exists today.
Thus, the centres of the fields-of-view of the CT and the PET are axi-
ally displaced by up to 85 cm. Still, by using a joint, dedicated pa-
tient-positioning system that is installed at the front of the PET/CT
gantry, the patients can be positioned accurately and reproducibly
for co-axial imaging ranges up to 195 cm. Reports on three-dimen-
sional displacements between CT and PET along the co-axial imaging
Fig. 2. Novel designs of PET/CT systems by the major vendors, fully integrating the time-
and thus providing a wider spectrum of applicability. Courtesy Thomas Beyer, PhD (cmi
range indicate a maximum displacement error of 0.5 mm [9]. Thus,
combined PET/CT offers the best possible intra-patient co-registra-
tion of complementary anatomical and functional images.

Further considerations apply to PET/CT-guided radiation therapy
planning (RTP). The patients scheduled for RTP can be positioned on
a flat radiation therapy pallet that is mounted easily on the top of the
PET/CT patient pallet (Fig. 3B). This allows employing additional
positioning aids, such as a breast board, a pre-labeled vacuum lock
for abdominal scans or a thermoplastic head mask, the same posi-
tioning means to be used during the actual radiation treatment of
the patient (Fig. 3B). A dedicated RT laser system can be installed
in front of the PET/CT gantry to ensure proper positioning of the pa-
tient based on the pre-defined markers (follow-up scans), or to de-
fine the isocentre if the patient is imaged pre-therapy on the PET/
CT (Fig. 3A). Recently big-bore PET/CT systems have been introduced
with an increased bore diameter adapted to more versatile radiation
therapy treatment planning to ensure adequate and reproducible
patient positioning using all standard RT-positioning aids during
the diagnostic, pre-treatment PET/CT examination (Fig. 3D). Table 1
summarizes recent advances in PET technology that are available
exclusively in combined PET/CT systems [7].
of-flight technology and larger axial fields-of-view, improving the patient’s comfort
-experts GmbH, Zurich, CH).



Fig. 3. PET/CT adaptations to radiation oncology applications. (A) RT laser bridge installation in front of the combined gantry, (B) patient support system with flat, carbon-
fiber RT-pallet attached, (C) as in (B) with additional thermoplastic head restraint, vacuum lock bag and breast board (from left to right) and (D) dedicated, big-bore PET/CT
with an 85-cm gantry opening (Philips Healthcare Systems). Courtesy Thomas Beyer, PhD (cmi-experts GmbH, Zurich, CH).

Table 1
Recent advances in PET technology and impact on PET/CT-guided patient management in radiation oncology.

Technical and methodological
advance

Objective Consequence Importance for PET/CT-guided
RTP

New crystal materials LSO and LYSO replace BGO and GSO
" light output
; response/dead time

; scan time
" patient comfort

; involuntary motion artifacts
" diagnostic confidence

Fast detector electronics Timing resolution < 600 ps; measure
coincidence time differences (time-of-flight
[95])

" signal-to-noise ratio in PET images (more
prominent for large patients)

" diagnostic confidence

Smaller detector size From 6 � 6 mm2 to 4 � 4 mm2 face area;
improved spatial resolution

; partial volume effects " quantification " therapy response assessment
" diagnostic confidence

Retrospective correction for point
spread function (PSF)

Account for variable image resolution inside
active field-of-view

Gain uniform image resolution (<detector
element size) " image quality

" therapy response assessment
" diagnostic confidence

Extended axial field-of-view Added additional layer of PET detectors in z-
direction

" volume sensitivity
; scan time

; involuntary motion artifacts

Large bore diameter Extending from 68 to 85 cm with
corresponding increase in transverse FOV

Position patients in treatment-planning
position; no truncation artifacts

" co-registration of planning
PET/CT and treatment delivery

Gating Respiratory and cardiac gating for CT and PET
(synced) available

; motion artifacts
" co-registration accuracy and attenuation
correction

" therapy planning
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PET/CT acquisition and processing parameters

Standard PET/CT imaging protocol

Most PET/CT imaging protocols today involve so-called whole-
body FDG-PET and CT examinations covering the same co-axial
imaging range. CT images acquired during PET/CT will not be used
only as a locator and for attenuation correction but – under appro-
priate boundary conditions – also as a diagnostic tool. The use of
intravenous contrast medium in PET/CT optimizes the patient’s
imaging work-up, characterizes lesions and highlights occult le-
sions in some situations. Some findings such as pulmonary embo-
lism will be discovered incidentally in approximately 4% of
oncologic patients and probably missed if the examinations are
not systematically reviewed by radiologists [10]. If a contrast-en-
hanced full dose CT is performed it should always be read by a
radiologist or CT-trained nuclear medicine physician or a radiation
oncologist. The CT part of the PET/CT, especially if carried out as
diagnostic CT (high mAs, contrast media injection), requires spe-
cific skills in radiology. For this reason, in these cases, a final report
performed side-by-side by the nuclear medicine physician and the
radiologist is mandatory. International protocol guidelines were
drafted by a consortium of experienced PET and PET/CT users
[11] and are being adopted locally [12]. Recently, the EANM Guide-
line ‘‘FDG-PET and PET/CT: EANM procedure guidelines for tumour
PET imaging: version 1.0” has been published [13]. These imaging
guidelines are aimed at standardizing FDG-PET and -PET/CT imag-
ing for general whole body imaging, which has been shown to be
superior in TNM staging when compared to stand-alone CT and
PET imaging of the same co-axial imaging range [14]. This superi-
ority, however, can be explored only when PET/CT image artifacts
are minimized, and accurate quantification of CT and PET results
following CT-based attenuation correction [15] is ensured. There-
fore, all steps of the PET/CT-imaging procedure (patient prepara-
tion and positioning – scout scan – CT acquisition – PET
acquisition – data processing and reconstruction – image analysis
and reporting) have to be monitored and retrospective adjust-
ments have to be considered where needed ([16,17], Tables 2
and 3). The software shipped with modern PET/CT systems often
includes several reconstruction algorithms [18,19] and each of
them involves many parameters and options, such as the data cor-
rections, the reconstruction mode (2D, 3D to 2D rebinning, 3D),
time-of-flight reconstruction [20–23] or classical sinogram-based
reconstruction [18]. Data corrections for decay, scatter, attenua-
tion, dead time, depth of interaction, non-colinearity should al-
ways be performed when they are applicable and available [24].
Reconstruction algorithms can be either analytic or iterative
[18,19]. Thanks to their statistical approach, modern iterative
reconstruction algorithms are less prone to artifacts than analytic
reconstruction [18,25]. In contrast, quantification accuracy is still
better with algebraic reconstruction [18,26]. The main parameters
of reconstruction algorithms are the matrix size (or equivalently
the voxel size) and the regularization scheme. The latter controls
the signal-to-noise ratio of the images and encompasses the filter
settings in analytic reconstruction (e.g., in filtered backprojection)



Table 2
CT acquisition recommendations (adapted from [46]).

Tumour location Brain Neck Chest Abdomen

Patient Preparation Food cautionsa Diet (3 h) Diet (3 h) Diet (3 h) Diet (3 h)
Bowel opacification No No Usually notb 500 ml water + 10 mL gastrografin (1 h before CT)

or negative contrast agent

Patient position Supine/head
first

Supine/head first Supine/head first Supine/head first

Contrast medium
injection

Contrast medium 300–350 mg l/
mL

300–350 mg l/mL 300–350 mg l/mL 300–350 mg l/mL

First injection 60 mL, 1 mL/s 60 mL, 1 mL/s 70 mL, 2 mL/s 120 mL, 2.5 mL/s
Delay 3 min 3 min – –
Second injectionc 50 mL, 1.5 mL/

s
50 mL, 1.5 mL/s – –

Start of acquisition End of snd
injection

End of snd
injection

35 s after 1st injection 70 s after first injection

CT acquisition
parameters

Volume of
investigation

Top of the
vertex to C1

Skull base down to
sternum

Lung apices down to the
diaphragm

Diaphragm down to pubic symphysis

Collimationd N � 0.75 mm N � 1.5 mm N � 1.5 mm N � 1.5 mm
Slice thickness 3–5 mm 2–3 mm 3–5 mm 3–5 mm
Slice increment Continuous Continuous Continuous Continuous
Pitche 1 1 1 1
Rotation time 0.75–1 s 0.75–1 s 0.75–1 s 0.75–1 s
mAsf 250 250–300 150 250
X-ray tube voltage 120 120 120 120
Resolution matrix 512 � 512 512 � 512 512 � 512 512 � 512
FOV 240 mm 320 mm 500 mm 500 mm
Reconstruction filter Soft tissue Soft tissue Soft/lung tissue Soft tissue

a Fasting prior the examination is not essential. It is recommended if intravenous contrast medium is given.
b Glass of gastrografin or water just before CT acquisition if oesophageal or upper GI tumour.
c Two injections are proposed: first for tissue impregnation, second for vessel opacification.
d N refers to the number of detectors: N = 16 if a 16-slice CT is employed.
e Pitch: a pitch > to 1 can be selected if the area of interest is too large to cover with the desired collimation.
f mAs: absolute values of mAs cannot be recommended in view of significant differences in operating characteristics between CT scanners. The values are given as

indicators (from B-16 CT, Philips Medical Systems, OH, USA).

Table 3
FDG-oncology-PET/CT acquisition recommendations (adapted from [16]).

Body part Whole body Thorso Head–neck Brain

Patient preparation No meals on day of PET, only tea without sugar, glucose level check, application of tracer (activity according to body weight-dependent reference
values) 60–90 min prior to PET/CT scan, if needed usage of flat table top and fixation of the patient with fixation material (mask, fixator, see
Fig. 4b and c) prepared by radiooncology staff

Patient position Supine Supine Supine Supine
CT Topogram, low-dose (for attenuation correction, anatomical landmarking) or full dose (attenuation correction, full diagnostic radiology reading)

CT according to Table 2
Beds positions Number of beds according to CT-

Topogram (up to 9 each), torso and legs
separately 2–4 min per bed

Number of beds according to
CT-Topogram (up to 9), 2–
3 min per bed

Number of beds according to
CT-Topogram (up to 3), 5–
8 min per bed

One bed position according to
CT-Topogram10 min

Matrix 128 � 128 128 � 128 256 � 256 128 � 128
Acquisition mode 3D, static 3D, static 3D, static 3D, static, dynamica

Reconstruction Iterative (2 iteration 8 subsets, 5 mm
Gaussian or Hanning filter)

Iterative (2 iteration 8
subsets, 5 mm Gaussian or
Hanning filter)

Iterative (4 iteration 8
subsets, 3 mm Gaussian or
Hanning filter)

Iterative (10 iteration 16 subsets,
3–4 mm Hanning filter), zoom
1.5–2

a Some times it is necessary to follow the tracer kinetics in the brain. Thus, a dynamic protocol must be followed. The PET-acquisition protocol then consists of several time
frames (f.i. 3 � 5 min) and starts earlier with respect to the number of frames. To yield a static image, the frames can be added (with decay correction) thereafter.
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[18]. In iterative reconstruction algorithms, regularization is more
complex and the signal-to-noise ratio depends on the number of
iterations, the data fractionation (e.g., subsets in ordered subset
expectation maximization [27]), and image smoothing (e.g., blob-
based reconstruction [28,29] or Gaussian smoothing after each or
all iterations). It is noteworthy that the reconstruction algorithm
can influence the resolution of the images [30]. For instance, heavy
smoothing blurs the images. The choice of a reconstruction algo-
rithm and the adjustment of its parameters lead to a tradeoff that
can influence the presence of artifacts, the signal-to-noise ratio, the
resolution, the quantification accuracy, and the reconstruction
time. Depending on the purpose of the images, it can be useful to
optimize the reconstruction protocol. For instance, good quantifi-
cation is important in SUV evaluation. Similarly, high resolution
makes partial volume effect easier to correct for and is the key of
accurate target delineation [31–35]. For heterogeneity assessment
[36] and dose painting [37], a balance between high resolution and
high signal-to-noise ratio must be found. The outcome of all these
applications can be jeopardized by inappropriate or insufficiently
optimized reconstruction settings. In any case, the best reconstruc-
tion protocol is of little help if the acquired data are of low quality.
The signal-to-noise ratio of the image is indeed strongly condi-
tioned by the acquisition duration, the tracer specificity, and the
injected dose [38,39]. Motion blur can be addressed by performing
gated acquisitions in modern PET/CT systems.

Unaccounted variations within the PET/CT-imaging procedure
may lead to non-reproducible effects such as image distortions
and biased tracer distribution. Various retrospective correction
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algorithms exist, particularly to re-align images, however, at the
expense of additional workload. Therefore, measures should be ta-
ken to optimize protocol parameters prospectively. For patients
undergoing PET/CT-guided RTP this translates into considerations
that follow later on.
CT-imaging parameters

At present, in numerous institutions, a low-dose non-enhanced
CT is usually performed in order to provide anatomical landmarks
for PET interpretation. To better explore the full capacities of spiral
CT and to obviate the need for additional diagnostic contrast-en-
hanced CT, an optimal set-up of CT parameters is required [40–
43]. This mandates the use of oral and intravenous contrast
material as well as a CT image quality which proves diagnostically
sufficient by radiology standards.

First, a scan projection radiograph or scout view will be per-
formed in order to accurately plan the CT acquisition. It provides
also a record of the location of images. In most clinical indications,
the patient lies supine in a comfortable position with the knee
flexed. Moreover, care should be taken that the patient lies identi-
cally to the way he/she does later on at the radio therapy acceler-
ator if the CT will be used for treatment planning together with
the PET-Data. Therefore, a special table top and fixation material
identical to the ones used for fixation of the patient at the acceler-
ator should be used. The patient should be mounted with arms
down.

Thereafter, several CT imaging parameters have to be selected
(Table 2) for CT acquisition: slice thickness, tube current and expo-
sure time (mAs), tube voltage (kV), rotation time, pitch, field-of-
view, reconstruction filter, and image matrix [44–46]. Normally,
these combinations of parameters are preconfigured and com-
prised in protocols that can be selected by the operator. Recent
PET/CT systems are equipped with multi-slice CT technology which
can acquire up to 128 slices in a single rotation [47]. This faster
scanning speed enables to get more and thinner slices than sin-
gle-slice CT. In multi-slice CT, almost all different slice thicknesses
can be obtained in routine by combining neighboring detectors,
ranging from 0.5 to 10 mm. Two images per slice thickness should
be routinely reconstructed since this improves diagnostic reliabil-
ity and produces excellent multiplanar reconstructions and 3D
images [45,48]. The mAs directly relates to the number of photons
emitted in a X-ray beam, and therefore inversely to quantum noise.
Increasing mAs will decrease quantum noise and increase in con-
trast resolution with higher dose to the patient and higher heat
Fig. 4. Small cell lung carcinoma staging, contrast-enhanced CT (40 det. rows) accordin
injection (arterial phase) with 120 kV, 200 mAs, 1 mm slices: last slices show slight heter
70 s after contrast medium injection (portal venous phase) with 120 kV, 108–200 mAs (d
with metastases (b).
load on the tube anode. It has to be noted that doses delivered to
the patient can be drastically reduced with a preserved image qual-
ity by using anatomical on-line tube dose modulation [49,50],
resulting in an overall decrease in average tube current and in a
lower mAs product per rotation. The kV reflects the energy spec-
trum of the photons the X-ray beam consists of. Beams of higher
photon energy offer superior penetration through the patient so
that a larger number of photons reach the detectors. Tube voltage
is usually fixed at 120 kV for general applications. The rotation
time is the time needed for the X-ray beam to complete one 360�
revolution. The benefit of a longer revolution time is the higher
mAs it can deliver, leading to increased contrast resolution. How-
ever, longer revolution times may also allow more patient motion
and, thereby, leads to net loss in image quality. Rotation time is
usually around 0.5–1 s for general purposes. The pitch in spiral
scanning is the ratio of the patient’s movement through the gantry
during one 360� beam rotation relative to the beam collimation.
The pitch can be defined as follows: pitch = patient (table)
advancement per 360� gantry rotation/beam. For pitch > 1, the
dose will be reduced compared with contiguous serial scanning.
The performance of spiral CT with a pitch greater than 1.5 may im-
ply lower and possibly insufficient diagnostic image quality due to
reduced low contrast resolution [51,52]. During the image recon-
struction process, the CT data will be passed through mathematical
filter algorithms, each optimized for different body parts and tissue
types. For example, a soft tissue algorithm may lead to smooth
images while a bone algorithm will sharpen bone margins. The
field-of-view is defined as the maximal diameter of the recon-
structed image. Its value can be selected by the operator and gen-
erally lies between 24 and 50 cm. The image matrix relates to the
number of pixels that forms the image grid. When the field-of-view
is kept constant, increasing the matrix will lead to smaller individ-
ual pixels and therefore increased image details with a parallel in-
crease of the weight of the images. The image matrix of 512 � 512
is usually selected for body imaging.
Contrast medium injection

The use of intravenous contrast media during CT examination is
essential to analyse solid organs, assess vessels and delineate tu-
mour invasion for treatment planning and organ delineation. The
presence of contrast materials on CT images can cause problems
in the attenuation correction of PET images. However, Malawi
et al. [53] showed that i.v. contrast-enhanced CT scans can be used
for attenuation correction in oncologic patients with minimal ef-
g to the respective CT protocol (see Table 1); chest CT 35 s after contrast medium
ogeneity of the liver parenchyma without any conspicuous lesion (a); abdominal CT
ose modulation), 3 mm slices, same plane level: many hypodense lesions consistent
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fect on SUV in areas corresponding to low i.v. contrast media con-
centration. In regions of high contrast concentration, there was a
significant increase in SUV; however, this increase was clinically
insignificant in oncologic staging when these regions have back-
ground 18F-FDG uptake. Importantly, the increase in SUV measure-
ment in these areas would not have been misinterpreted as sites of
metastases. Some investigators [54,55] have proposed CT correc-
tion methods to markedly reduce these artefacts. All intravenous
contrast agents currently approved for CT contain iodine bound
in a complex organic molecule. Ionic agents are now abandoned
in favour of non-ionic agents [56,57]. The contrast medium is in-
jected preferably with a power injector through a flexible catheter
placed in the forearm. A central venous catheter or a porta-cath
could also be used but the rate of injection will be adapted. A care-
ful monitoring of the site of injection need to be performed in order
to prevent extravasation in case of catheter misplacement or rup-
ture of thin and fragile veins during injection. The volume, rate, de-
lay time and concentration of contrast medium will be adapted to
the organs (Fig. 4 and Table 2) [58–62]. The scan delay times are
mean values which typically result in optimal opacification in pa-
tients with normal cardiac function. If possible, for chest and abdo-
men CT examinations, the patient should receive power injection
with arms vertically above the shoulder with the palms of the
hands on the face of the gantry during injection. This allows for
uninterrupted passage of injected contrast medium through the
axillary and subclavian veins at the thoracic outlet. Flushing the
venous line with 30–40 mL of saline after contrast medium injec-
tion is recommended to decrease the risk of venous inflammation
and prevent local phlebitis.
Oral and rectal opacification

The goal of the digestive opacification during a CT examination
is twofold; first, to differentiate digestive structures from abnormal
elements such as enlarged lymph nodes, fluid collections, extra-
luminal masses and second to analyse the lumen and the wall of
digestive organs and detect eventually polyps, tumours or inflam-
matory disorders. For evaluation of gastro-intestinal tract, a posi-
tive [63,64] or negative oral contrast agents [65,66] such as
water-like density contrast media could be given to the patient,
prior the CT examination. Negative agents have the advantage of
allowing for superior delineation of the bowel wall and the lumen
and not interfere with image interpretation on PET [65,66]. Admin-
istration of contrast medium per rectum may be required for colon
evaluation and some examinations of the pelvis.
Warnings

All enhanced CT examinations must be performed under the
supervision of medical doctor. Reactions such as rash, urticaria,
or bronchospasm have been estimated to occur in 0.004–0.7%
and severe life-threatening anaphylactoid reactions to occur in be-
tween 1 in 10,000 and 1 in 300,000 [67,68]. For this reason, a res-
cue kit (adrenalin, anti-histaminic drugs, etc.) should be available
in the close area of the site of injection. Minor disagreements such
as sensation of warmth throughout the body and a metallic taste
are sometimes observed shortly after the start of injection. Some
nausea with vomiting efforts can occur but are rare with the use
of non-ionic contrast agents. However, we recommend to perform
CT examinations on an empty stomach which facilitates the study
of the gastric wall and optimize oral preparation. Since contrast
medium can impair the renal function by altering hemodynamics
and by exerting direct toxic effects on tubular epithelial cells, it
is therefore essential to identify patients at risk for induced con-
trast nephropathy [69–71]. Reduced renal function is the most
important risk factor for contrast-induced nephropathy. The Con-
trast Media Safety Committee of the European Society of Urogeni-
tal Radiology (ESUR) [69] recommends measurements of serum
creatinine (SCr) and calculations of the estimated glomerular filtra-
tion in patients with previously raised SCr [72], in patients taking
Meformin [73], in patients [74] with a history suggesting the pos-
sibility of raised SCr (renal disease, renal surgery, proteinuria, dia-
betes mellitus, hypertension, gout, and recent intake of
nephrotoxic drugs). Correct hydratation (100 mL/oral fluid or
intravenous normal saline 1 mL/kg/h), depending on the clinical
situation, should be administrated starting 4 h before to 24 h after
contrast medium injection. Reports of patients developing lactic
acidosis following injection of iodinated contrast medium cur-
rently recommend that metformin should be stopped 48 h before
and for 48 h after the administration of iodinated contrast media
[75].

Since contrast medium contains some free iodide, contrast
medium may induce thyrotoxicosis in patients with Graves’ dis-
ease and thyroid autonomy [76]. This thyrotoxicosis is more rele-
vant in patients with an associated cardiovascular risk and in the
elderly. In this population, knowledge of thyroid function (at least
TSH) before a contrast-enhanced study is helpful. All patients at
risk should be monitored closely after the injection of iodinated
contrast medium preferably by endocrinologists.
PET/CT for external RT planning

If it is known already that patients will receive external radia-
tion therapy (i.e., primary staging completed) and PET/CT is used
to define the active tumour and target volumes, then patients
should be positioned for the PET/CT in the radiation treatment po-
sition. External positioning lasers (Fig. 3C) can help define the iso-
centre on PET/CT, which is referenced on the patient and
transferred to the treatment plan. With the availability of an RT-
certified pallet to which all standardized radiation treatment-posi-
tioning devices can be fitted, the patients can be repositioned on
the treatment table.

However, PET/CT-guided treatment planning for lung cancer re-
mains a challenge. Erdi and colleagues have demonstrated that res-
piration-induced misalignments between CT and PET data within a
single PET/CT scan can lead to a significant underestimation of the
standardized uptake value of the attenuation-corrected PET [77]. In
the worst case scenario of maximum mismatches between CT (full
inspiration) and PET (normal respiration that equals mid-expira-
tion) lesions may disappear entirely on attenuation-corrected PET
[78], although this effect remains infrequent.

Therefore, lung cancer patients require special adaptations to
the PET/CT acquisition and treatment delivery. If external treat-
ment is delivered during normal respiration then adequate verifi-
cation of the PET/CT data appears sufficient to ensure an accurate
representation of the target volume. In case of minimal PET–CT
misalignment the mis-registration can be corrected retrospec-
tively prior to a second attenuation correction using a linear or
non-linear co-registration algorithm. Alternatively, the transmis-
sion data could be corrected manually to match the uncorrected
emission data, and the CT-AC (CT-based attenuation correction
of PET data) could be re-performed [79,80]. Finally, different gat-
ing schemes and tools are available to acquire CT transmission
and PET emission data of the full respiratory cycle. Data for
matching portions of the cycle can be extracted and used for fur-
ther processing, thus maximizing the spatial–temporal match at
the expense of reduced counts collected in the emission data.
Clearly, PET/CT gating becomes mandatory in cases where exter-
nal radiation treatment is delivered in gated mode as well. As of
today, full inspiration PET/CT data cannot be acquired and
matched to full-inspiration breath-hold treatment [81] delivery
routinely.
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PET/CT for therapy monitoring

In addition to the above-mentioned patient set-up and imaging
considerations attention must be given to maintain similar pre-
imaging conditions (blood glucose level, tracer distribution time,
and uptake conditions). By adhering to standard set-up and imag-
ing protocols, reproducible quantitative accuracy of PET/CT can be
maintained and accurate therapy response assessment is feasible
[82,83].
Alternative PET tracer imaging (hypoxia, thyroid and internal
dosimetry)

Tracers other than FDG are being increasingly used in defining
the active tumour volume. Examples for these tracers include,
but are not limited to, 11C-choline (prostate cancer), 64Cu-ATSM,
18F-FMISO and 18F-FAZA (hypoxia imaging) and 124I for thyroid
cancer. While most tracers are labeled with radioisotopes that have
a similar beta fraction as 18F (FDG) some nuclides (e.g., 124I, 86Y)
pose a challenge to the PET detection system and may have impli-
cations for calculating a dosimetry plan for internal radiation ther-
apy planning [84]. PET quantification of impure positron emitters
is the work in progress in several research and clinical institutions,
but it is clear that the major pitfalls for both visual and quantitative
target volume delineations are already being addressed today and
that PET/CT is ready to be implemented in routine radiation oncol-
ogy management.
Possible PET/CT pitfalls

Typical pitfalls in standard PET/CT imaging include motion-in-
duced mis-registration, overestimation of PET activity following
CT contrast administration and PET image artifacts in the vicinity
of metal implants. Table 4 lists the sources of these artifacts, key
studies and suggested solutions.

Data transfer, data format and data security

Today, radiation-treatment planning (RTP) is based mostly on
anatomical image data [85]. Over the past decade, however, treat-
ment plans have started to incorporate also functional image infor-
mation, which represents various metabolic pathways [86].
Positron emission tomography (PET) and, more recently PET/CT,
based on 18F-FDG were shown to have a significant clinical impact
on the diagnosis of a variety of cancers. While 18F-FDG reveals in-
creased glucose metabolism, other compounds can be used for
more specific information, for example, to visualize and quantify
hypoxia, cell proliferation and other characteristic features impor-
tant for RTP [87].

The goal of functional imaging for radiation treatment planning
is to add complementary information to anatomical imaging as
Table 4
Sources of artifacts in standard PET/CT imaging; consequences and solutions.

Pitfall Artifact and consequence

Patient motion (muscle
relaxation, coughing)

Local or global PET–CT mis-registration and potential
translation through CT-AC into corrected PET image (bia

Respiration Prominent mis-registration in lower thorax

Large patient diameter Truncation artifacts in areas exceeding the transverse fie
view of the CT (50 cm) lead to masking of the AC-PET ac

High-density CT contrast Apparent focal or extensive hyper metabolism in lung a
(near subclavian vein) and stomach/colon due to
overcorrection of CT-enhanced soft tissues in CT-AC

Non-removable metal
implants

Beam hardening and scatter artifacts on CT that translate
combined over-/under-estimation on PET after CT-AC
anatomical imaging is known to be inadequate in certain imaging
situations, such as in the differentiation of necrotic from active tu-
mour volume. PET and PET/CT can serve as a source for delineation
of metabolically active target volumes or gross tumour volume
(GTV) [87].

There are several options concerning the platform on which
these volumes of interest can be delineated:
GTV definition on the radiotherapy virtual simulation and treatment-
planning environment

Here, the anatomical and biological imaging datasets are trans-
ferred to the virtual simulation or treatment-planning environ-
ment as DICOM datasets (objects) such as CT, PT and/or MR
information object definition (IOD) [88,89]. Details about the capa-
bility of the sending and receiving systems can be found in the DI-
COM-conformance statements of the manufacturers of the systems
involved (treatment-planning systems, virtual simulation sys-
tems). Systems need to be either IP networked or the image data
are transferred on physical media to and from the other platform
(Fig. 5) [90,91]. In case of a direct network transfer the systems
must be configured with the TCP/IP-hostname (-address), applica-
tion entity title (AET) and the TCP/IP-port number of each other to
allow for data to be sent or received, respectively.
GTV definition on the nuclear medicine image-processing workstation

In this case, the GTV is defined on the nuclear medicine image-
processing workstation and transferred to the treatment-planning
system as a set of regions of interest (ROI) forming a volume of
interest (VOI) together with the DICOM image objects (CT, MR,
PT) as described above. The GTV is typically transferred as a DICOM
RT structure set as described in Supplement 11 to Part 3 of the DI-
COM-Standard [91]. Similar to the image data, the RT structure set
can be transferred via a network connection or on physical media
[90]. Within the RT environment the RT structure set serves as a
source for creation of various other DICOM RT objects such as
RT-Plan, RT-Dose, and RT-Image [91] that are communicated in
the RT environment internally.

The data transfer between the nuclear medicine imaging and
RT-planning modalities can also be facilitated through a hospital
Picture Archiving and Communication System (PACS). Here, the
prerequisite is that the PACS does support DICOM RT-IODs. This
is frequently not the case in hospital environments, where RT
and nuclear medicine departments often operate their own DICOM
RT- (or NM-) Archive that directly communicates with the specific
modalities and that is a client to the hospital PACS.

If the PET/CT is equipped with a dedicated RT laser system for
marking the isocentre on the patient, the laser system should be
directly connected to the RT virtual simulation system such that
Practical solution Reference

s)
Use positioning aids and adopt short scan times for higher
patient comfort

[16,96]

Use modified respiration protocol with breath hold in mid-
expiration; respiratory gating of CT (and PET)

[97–99]

ld-of-
tivity

Position arms of the patient above and below the head/neck for
imaging the torso and neck, respectively; utilize the extended
FOV reconstruction on the PET/CT

[100–102]

pex Acquire separate, low-dose CT for CT-AC only; modify IV
contrast injection protocol; replace positive oral contrast
medium with negative/water-based oral contrast

[103–110]

into Review the AC and non-AC images; correct CT images for metal
artifacts prior to CT-AC (not routinely available)

[111–118]



Fig. 5. General communication model of DICOM within a nuclear medicine and radiotherapy environment, which explains data communications. All participating systems
that communicate with each other need to be configured with the remote modality by IP-address or hostname, number of the IP-port the communication goes through, and
the application entity title of each other at least. More parameters like for instance DICOM Objects that are allowed to be communicated may need to be configured.
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the coordinates can be integrated seamlessly in the planning and
simulation process. Usually this interface is realised on a ASCII-ba-
sis using a networked file system for proprietary data interchange.

Compared with anatomical imaging methods, the reason for
integrating functional imaging in the GTV definition is its higher
sensitivity and specificity for malignant tissues. Depending on
which PET tracer is used and, thereby, what metabolic pathway
is imaged, either the GTV or sub-volumes of it can be defined
[86]. Besides manual delineation of target volumes on PET images
there are several modes of automatic delineation of the different
interrelated volumes that are with planning of radiotherapy
(GTV, CTV, PTV, etc.). Most systems support a threshold-based
method, where the actual VOIs can be defined with reference to
the maximum specific uptake value (SUV) or maximum activity
in a pre-defined VOI-mask. However, this method has draw-
backs – especially if the signal-to-noise ratio is low. Hence, other
methods of VOI-generation have been developed such as con-
trast-oriented methods [92,93] and gradient-based methods [94].

If data are transferred and first visualized there is a need for a
visual assessment of correct transfer, i.e., check for correct orienta-
tion (left, right, anterior, and posterior) as well as for a complete
number of images transferred. Most of the systems report mes-
sages in case of transfer or reception of incomplete datasets. These
message boards are to be checked on a regular basis.

To ensure for security of the networked data interchange and
the data itself, the data should be communicated only in a re-
stricted, firewall-protected local area network (LAN). If the data
need to be communicated across firewalls, virtual private network
(VPN) tunnels or dedicated IP-Ports and an appropriate data
encryption/decryption should be used. Be aware that the protec-
tion of patient-specific data is subject to regulatory issues that
can vary significantly from country to country.

Overall, the most important precondition for successful integra-
tion of functional imaging in RT treatment planning is the goal ori-
entated as well as close and thorough communication between
nuclear medicine and radiotherapy departments on all levels of
interaction (personnel, imaging protocols, GTV delineation, and
selection of the data transfer method) [119–124].
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PET/CT imaging modalities have been shown to be useful in the diagnosis, staging, and monitoring of
malignant diseases. Its inclusion into the treatment planning process is now central to modern radiother-
apy practice. However, it is essential to be cognisant of the factors that are necessary in order to ensure
that the acquired images are consistent with the requirements for both treatment planning and treat-
ment delivery.

Essential parameters required in image acquisition for radiotherapy planning and treatment include
consistencies of table tops and the use of laser light for patient set-up. But they also include the accurate
definition of the patient’s initial positioning and the use of proper immobilization devices in the radio-
therapy department. While determining this optimum set-up, patient psychological factors and limita-
tions that may be due to the subsequent use of PET/CT for planning purposes need to be taken into
account. Furthermore, patient set-up data need to be properly recorded and transmitted to the imaging
departments. To ensure the consistency of patient set-up, the radiation therapist should ideally be
directly involved in informing and positioning the patient on the PET/CT. However, a proper exchange
of patient-related information can also be achieved by a close liaison between the two departments
and by the use of clear detailed protocols per type of patient set-up and/or per localization of tumour site.
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear
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Importance of correct patient set-up in radiotherapy treatment
planning

The developments that have taken place, both in radiotherapy
and diagnostic imaging equipment, have enabled a more precise
approach to the treatment of malignant disease. This has led to
the potential to deliver higher doses to tumour volumes while
increasing normal tissue sparing and minimising the dose to criti-
cal organs at risk. The possible risk of second malignancy following
radical radiotherapy emphasises the need for optimum accuracy in
volume delineation and treatment delivery [1,2]. The technological
advances in diagnostic imaging provide us with more detailed
images than previously obtained and now also provide additional
functional information.

Technological advances in radiotherapy include multileaf colli-
mators and the incorporation of imaging modalities within the
treatment room. With these advances, treatment volumes can
now be designed to conform to the shape of the tumour and daily
images of the treatment volume can be acquired before, during or
after treatment delivery.
ciety for Therapeutic Radiology an
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Vaandering).
The developments in diagnostic imaging have enabled a more
precise definition of the treatment volume by facilitating a more
accurate definition of both the primary tumour and the secondary
spread including lymph nodes. The integration of new imaging
modalities into the actual treatment planning process has rede-
fined volume delineation and is now central to modern radiother-
apy practice. The use of CT and MRI is routine practice in many
departments and increasingly PET is now also being used in this
way [3]. The inclusion of PET allows functional imaging to be incor-
porated into the localization and planning process giving a further
level of accuracy to the definition of the tumour volume and the
individualization of treatment [4,5].

Key to maximising the potential benefits of these imaging tech-
nologies is an awareness of the factors that must be considered to
ensure that the images acquired are consistent with the require-
ments for both treatment planning and treatment delivery[6].

Essential parameters required in image acquisition for radiotherapy
planning and treatment

Of critical importance when delivering higher doses to the tu-
mour volume is the tolerance level of normal tissue and this under-
pins the importance of accurate position reproducibility. This
position is determined at the outset of the process and must be
consistent throughout the treatment preparation and delivery.
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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The consistency and reproducibility of this position are core to
accurate treatment delivery and many factors must be considered
when PET or PET/CT images are to be acquired for treatment plan-
ning purposes. These factors include initial patient positioning,
consistency of table tops, laser lights, and patient psychological
factors [7–9]. Consistency of table tops, the use of laser lights
and psychological factors are applicable to all patients and tumour
sites, patient position and immobilisation are site dependent and
will be considered in this context.

Initial patient positioning
The initial definition of the patient position and the ability to

accurately reproduce this position on a daily basis are crucial for
the accurate delivery of a course of treatment. The optimum pa-
tient position and the method of immobilisation are based on the
clinical site, the extent of the tumour volume and the surrounding
organs at risk. The physical status of the patient and the stage of
disease need to be considered at the time of initial positioning as
patient comfort is an important component of maintaining a stable
reproducible position. Patients suffering from various co-morbidi-
ties may not be able to achieve and maintain the required position
and this must be taken into account when determining the optimal
patient positioning.

An important aspect of positioning and immobilisation is the
clarity of the information given to the patient and the level of their
understanding of the importance of maintaining their position.
Trousers at thigh level, for instance, do not maintain patient mod-
esty and will compromise both position stability and reproducibil-
ity. A comfortable arm position when patients are in a supine
position helps to maintain stability and it has been found that plac-
ing the arms on the chest prevented the weight of the arms on the
trunk and subsequent distortion of surface contours and marks
[10]. In the case of the treatment of extremities, the patient posi-
tion and the type of immobilisation device should be defined to
distance the tumour site as far as possible from the trunk.

The patient should be positioned parallel to the table top with
minimal rotation. Longitudinal and lateral reference ink or tattoo
marks are used for accurate alignment and reproducibility. If the
RT cannot attend with the patient during the imaging procedure
the importance of these reference marks must be stressed to the
imaging staff.

Table tops
Table tops on the treatment units are flat and narrow to facili-

tate rotation of the gantry. Table tops must be rigid to prevent
sag under the patient weight. Mattresses are not used in radiother-
apy to avoid patient-positional variation in the AP/PA direction as a
result of variation in mattress depression. These conditions must
be replicated in the PET or PET/CT and necessitate the introduction
of a flat table top insert of equal width and flexibility into the PET
or PET/CT table. The table top must be securely fitted to the PET/CT
couch and must be consistent with the table tops in the treatment
rooms and should allow registration or indexing of immobilisation
devices. This may further reduce the effective size of the bore par-
ticularly with larger patients. When immobilisation devices are
used in radiotherapy their exact position relative to the table top
is registered for reproducibility. If possible registration of the
immobilisation device to the table top should be enabled in the
PET/CT. The couch coordinates can then be set and tracked in the
Record and Verify System [11]. Clear, detailed instructions for stor-
age and insertion of the couch top and registration of immobilisa-
tion devices should be prepared for the Nuclear Medicine staff.

Laser lights
Key to accurate reproducibility is alignment. For accurate pa-

tient positioning and alignment lateral and sagital lasers are used
to ensure that the patient is straight/parallel on the treatment
couch with no lateral rotation. This initial positioning is a critical
component of the process and it is important that the images for
treatment planning are acquired with the patient in the treatment
position. The patient should be as comfortable as possible as this
helps to maintain stability. A laser light system consistent with
the treatment unit should be installed in the PET/CT unit. Quality
assurance procedures on the laser lights should be carried out rou-
tinely by the staff of the radiotherapy department to ensure that
consistency with the treatment room lasers is maintained. A sim-
ple protocol for checking the laser lights daily before use should
be prepared for the Nuclear Medicine staff with alerts for variation
levels that should be reported prior to scan acquisition.
Psychological impact
Particularly where the PET component bore is smaller than the

CT the psychological impact on the patient must be considered.
They will be required to remain still for a prolonged period of time
in what may be a difficult and uncomfortable position in what
quantifies a claustrophobic situation. Patient stability and repro-
ducibility is directly related to comfort and a balance needs to be
achieved. Patient movement including respiration results in arte-
facts on the acquired image and therefore a detailed explanation
should be given to the patient prior to commencement of the scan-
ning procedure. Artefacts will be introduced due to the variation in
scan time between CT and PET image acquisition and careful pa-
tient preparation will keep this to a minimum.

Patient preparation should include information on the approxi-
mate time for the procedure, the size of the aperture through
which the patient will pass, and the necessity for the patient to re-
main calm still and to breathe quietly and evenly during the scan-
ning time. This is routine in the Nuclear Medicine department for
any PET scanning procedure but, in addition, the patient should
understand how this procedure fits into the overall plan of treat-
ment and the importance of their cooperation. The patient should
be assured that they will be observed at all times throughout the
procedure and can indicate distress at any point.
Immobilisation devices
To achieve stability and reproducibility a wide range of immo-

bilisation devices are used. These will be specific to the site to be
treated. As previously mentioned, the patient should be in as com-
fortable a position as is feasible within the confines of accurate
immobilisation. A balance must be achieved between the optimum
immobilisation method, patient comfort and the ability to acquire
images in the treatment position. Careful consideration should be
given to the patient position and the type of immobilisation device
used to ensure that it does not produce artefacts on the CT images
[11,12]. This is particularly important for obese patients or patients
suffering from articular fibrosis/arthrosis. Streak artefacts can arise
when the patient’s arms are placed alongside the body during the
scanning procedure and the quality of acquired images can also be
altered by the ingestion of certain oral contrast agents [13].

Where possible immobilisation aids should be patient specific
and these should accompany the patient to the PET or PET/CT
department. Where this is not the case a complete set of standard
immobilisation material should at all time be accessible to the staff
of the Nuclear Medicine or Diagnostic Imaging department consis-
tent with that available within the radiotherapy department.

It is important to remember to update these when any changes
are made. Clear guidelines on the careful storage and maintenance
of these devices must be provided and the materials must be
checked regularly by the staff of the radiotherapy department. If
any of the material disappears or is damaged the radiotherapy
department needs to be promptly informed.
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Limiting factors in image acquisition for radiotherapy planning and
treatment

Contrast material
Contrast material is frequently used in radiotherapy scan acqui-

sition to define areas or volumes of specific concern. The use of
contrast can be contraindicated in PET/CT acquisition due to atten-
uation variance. Recent studies have shown that contrast agents
can be used without compromising image quality but modifica-
tions may be required to avoid artefacts in the PET images [14].
Discussion with the Nuclear Medicine staff should take place prior
to scan acquisition to achieve optimum image quality with the
necessary radiotherapy-related information.
PET/CT bore size
A significant limiting factor impacting on acquisition of images

in the treatment position is the size of the bore and the scan field of
view. The gantry of the treatment unit is free standing and rotates
around the patient at an FSD appropriate to the delivery of the pre-
scribed dose. For CT, MRI and PET the aperture size is fixed and was
traditionally too small for treatment planning purposes. CT simula-
tors are now generally available with aperture sizes up to 85 cm
and wider scan field of view thus facilitating imaging in the treat-
ment position and the ability to accurately contour the patient out-
line for treatment planning. The increased scan field of view does
result in very small increases in noise levels of the scans and the
dose to the patient but with little diagnostic or clinical impact
[8]. Aperture size in PET or PET/CT units is generally smaller and
will not facilitate image acquisition in the actual treatment posi-
tion and modifications must be made. If the CT scan field of view
is limited this may also affect the acquisition of the patient contour
as the full extent of the patient skin may not be visible on the CT
image. Where separate PET and CT units are used it is recom-
mended that the CT images are acquired first. In addition, images
should be acquired as close to each other in time as is feasible to
minimise normal physiological changes [15]. This would be rele-
vant where the PET/CT or CT was located in the diagnostic imaging
department and not modified for radiotherapy use. These modifi-
cations will need to be considered when the treatment plan is pre-
pared. If a radiation therapist does not accompany the patient it is
essential that the Nuclear Medicine staff understand the impor-
tance of contour acquisition as part of the radiotherapy process.
Staff involved in image acquisition
In a majority of institutions, the PET or PET/CT scanner is lo-

cated in the Nuclear Medicine department with defined access
allocated to the radiotherapy department. For most patients the
implementation of the prescription in terms of the treatment tech-
nique, the position and immobilisation method and any specific
requirements such as bladder or bowel filling protocols, are de-
fined as part of the pre-treatment procedures within the radiother-
apy department.

Patient marking in radiotherapy is core to reproducibility and
must be carried out with absolute accuracy. The radiation thera-
pists are familiar with marking protocols and the importance of
ensuring that reference points/lines or field outlines are marked
exactly with clean fine lines. The need for this level of care and
attention is rarely appreciated outside of the radiotherapy depart-
ment. This usually precedes the acquisition of treatment planning
PET/CTs. Due to the differing aims of the imaging, radiation thera-
pists are more aware of the importance of initial set-up and the
time that must be given to this stage of the process than diagnostic
staff. Ideally, to ensure the consistency of patient set-up protocols,
the radiation therapist should also be directly involved in inform-
ing and positioning the patient during scan acquisitions on the
PET/CT. Department time planning should incorporate the allo-
cated radiotherapy department time in the PET/CT unit.

Where this is not possible a close liaison between the two
departments is essential in order to ensure the proper exchange
of patient-related information. Clear, detailed protocols for each
site including the positioning and immobilisation must be present
in the Nuclear Medicine department and updated consistently with
the department protocols.

The dose delivered to the patient as part of the imaging proce-
dure is less of a concern in the context of radiotherapy and for the
CT component it is important that scan acquisition is not compro-
mised by diagnostic dose concerns. Concerns have been raised
relating to staff doses when positioning patients for PET scanning
for radiotherapy purposes, but a study by Kearns et al. demon-
strated that doses received are well below normal parameters for
staff [16].

Excellent communication between the staff of the two depart-
ments is essential and the Nuclear Medicine staff should fully
understand the importance of the factors identified above in the
acquisition of images for treatment planning and delivery. Regular
meetings to update protocols and discuss any issues that might
arise should be scheduled.

Recording and transmission of set-up data
As previously mentioned a close liaison must exist between the

radiotherapy department and the PET/CT department to reduce er-
rors in patient position. In all cases, through the use of written and
photographic documentation, the initial patient set-up should be
accurately recorded by the RTs. These should include clear details
on the type of immobilisation method and aids used, the nature
and localization of the skin markings and other patient-related fac-
tors such as oxygen need, level of pain, etc. These documents
should accompany the patient from the radiotherapy department
to the imaging department and should be carefully reviewed by
the staff. Conversely, it is of utmost importance, that the Nuclear
Medicine staff contacts the RTs if they do encounter problems in
setting up the patient and all difficulties should be carefully noted
in the patient’s documentation.
Site specific scan acquisition

The scout images obtained prior to scanning can be very useful
in evaluating patient position and will allow for any changes to be
made prior to image acquisition. Where a radiation therapist can-
not accompany the patient, the importance of this component of
the procedure and how it can be used to confirm patient position
for treatment should be explained to the Nuclear Medicine staff.

In addition to general protocols relating to image acquisition,
patient positioning and care of the immobilisation material, site-
specific protocols should be available clearly outlining the addi-
tional requirements for that site. There should be defined and clear
protocols per type of patient set-up and/or per localization of tu-
mour site. These protocols should be readily available to the Nucle-
ar Medicine staff if the radiation therapist is not accompanying the
patient, either electronically or in paper form, and should ideally
include photographic documentation particularly if patient set-
up is complex.
Head and neck region

Organ motion is virtually absent in the head and neck region so
daily patient set-ups can be reproduced accurately when care and
attention is paid to the preparation of immobilisation devices.
Swallowing can significantly alter the tumour position and affect
the image resolution and must be considered. In this region high
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doses are frequently delivered and there are many organs at risk to
be considered. Most patients are immobilized by some form of
neck support (standard neck supports, frames, vacuum bags . . .)
in addition to a head/neck cast which can be in the form of aquap-
last or thermoplastic mask [17–20]. These devices are initially rigid
but they become pliable when placed in warm water, allowing
them to conform to the contour of the treated area and to be fixed
to the treatment table with various fixation points. Five point fix-
ation should be used where shoulder movement must be restricted
and the immobilisation device must be indexed to the table top.
Neck supports must be rigid and maintained in good condition. A
range of supports must be available in the Nuclear Medicine
department and these must be clearly labelled to avoid errors.
Upper thoracic region: Lung, oesophagus and breasts

Breathing artefacts are a factor of single slice CT systems. This
can be beneficial if the patient is to be subsequently treated with
free breathing but multi-slice scanners will give better quality
DRRs and are more applicable if gating is to be used in treatment
delivery. Artefacts are also introduced by the time variance be-
tween CT and PET image acquisition. When CT and PET images
are acquired separately a mismatch in anatomy at the apex or close
to the lower lung and diaphragm region can occur due to patient
breathing pattern during acquisition. Gating should be considered
during image acquisition to minimise artefacts arising as a result of
variations in the breathing cycle over time [21–23].

Various immobilization techniques are used such as vacuum
bags and masks which conform to and fix the patient’s upper body
[24]. While, immobilization techniques such as T-bars or wing
boards facilitate positioning of the arms above the head for treat-
ment. With the large bore scanners this position can be replicated
but where the bore size is limited position modifications will have
to be made. The treatment position must be replicated as far as
possible within the limitations and a system of fiducial markers
might be considered for accurate image co-registration [25].
Pelvic region: prostate, rectum and cervix

Patient positioning for pelvic irradiation includes care with the
position of the extremities to avoid excess dose delivery to areas of
tissue folds such as the groins or buttock crease. Positioning the
legs to achieve maximum stability while minimising tissue folds
may not be achievable with the restriction of bore size. This must
be taken into consideration, particularly in the lower pelvic region.
Simple knee and foot fixation methods have been shown to be
equally effective for stability of the pelvis region, and should be
feasible to use in most settings [26].

To reduce dose to the small bowel, some patients need to be
positioned in the prone on a belly board [27]. However, this may
not be possible particularly when the bore size is limited.

Prostate patients are frequently treated with a full bladder and
this is contraindicated during scan acquisition as voiding immedi-
ately prior to the scan minimises the radioactivity accumulation in
the urinary bladder. Furthermore, it might be necessary to use
endo-rectal balloons, contrast-embedded tampons or other radio-
opaque material during CT mage acquisitions but which may alter
PET images [28]. These factors must thus be carefully considered as
part of the entire planning process.

Conclusion

Accurate positioning and immobilisation is core to treatment
delivery and in ideal circumstances a radiation therapist should al-
ways accompany the patient to the Nuclear Medicine department.
Where this is not possible, as much information as possible should
be provided to the staff of the Nuclear Medicine department so that
they fully understand the importance of the factors described in
this section.
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Positron emission tomography can be used in radiation oncology for the delineation of target volumes in
the treatment planning stage. Numerous publications deal with this topic and the scientific community
has investigated many methodologies, ranging from simple uptake thresholding to very elaborate prob-
abilistic models. Nevertheless, no consensus seems to emerge. This paper reviews delineation techniques
that are popular in the literature. Special attention is paid to threshold-based techniques and the caveats
of this methodology are pointed out by formal analysis. Next, a simple model of positron emission tomog-
raphy is suggested in order to shed some light on the difficulties of target delineation and how they might
be eventually overcome. Validation aspects are considered as well. Finally, a few recommendations are
gathered in the conclusion.
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Positron emission tomography (PET) [1,2] is increasingly used
in radiation oncology, at several stages of the treatment. Before
the treatment, it serves in the disease diagnosis and staging (see
e.g., [3–5]). PET images can also be involved in the treatment plan-
ning [6–9]. During the treatment, PET can assess the tumour re-
sponse (see e.g., [10–12]). After the treatment, PET can be used
in the patient follow-up, in order to detect recurrences (see e.g.,
[13]). This paper mainly focuses on the treatment planning part,
which typically involves the delineation of several volumes on X-
ray computed tomography (CT) images. These volumes are for in-
stance the patient body, the organs at risk (e.g., eyes, salivary
glands, spinal cord, etc.), and the target volumes (the primary tu-
mour, invaded lymph nodes, and metastases). The functional infor-
mation conveyed by PET has been proved useful for the definition
of target volumes in the literature [6]. In practice, the most
straightforward integration of PET images into the data flow of cur-
rent treatment planning systems consists in (i) drawing volumes
based on the PET images, (ii) transposing these volumes on CT
images after registration. The second step has been significantly
simplified thanks to the advent of combined PET/CT systems
[14]. On the other hand, the delineation step keeps raising many
questions, in spite of the vast literature dedicated to this topic
(see e.g., [15–18] and references therein). A recurrent issue is the
ciety for Therapeutic Radiology an
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lack of accuracy of the proposed delineation methods [17,19], with
respect to the high quality standards of nowadays radiation oncol-
ogy. Any error in the delineation could potentially lead to a subop-
timal probability of loco-regional control of the disease or to an
increased toxicity of the treatment. Progress of modern irradiation
techniques, which can produce high dose gradient, obviously
makes this issue even more critical.

This paper first goes through a review of the main classes of
delineation methodologies. Next, we concentrate on several as-
pects of the most popular of them, namely threshold-based delin-
eation. Validation issues are also briefly discussed. Finally, some
recommendations and conclusions are suggested.
From delineation to segmentation

The delineation of target volumes on PET images can obviously
be done by hand with an appropriate computer interface. The ma-
jor drawback of this approach is the variability of the resulting con-
tours [15]. Because of their modest resolution [1], PET images look
blurred and the human eye cannot easily distinguish the bound-
aries of the target. An additional difficulty is related to display set-
tings (windowing level and width). Changing the colour scale or
saturation can dramatically change the perception of volumes in
the images. Hence, manual delineation of targets on PET images re-
quires a lot of expertise and strict guidelines for the display device,
and remains largely operator-dependent.

If PET/CT images are available, the physician can reduce the
delineation variability by looking at the fusion of the registered
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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images [20,21]. Superimposed images supposedly allow the physi-
cian to combine information conveyed by both modalities. PET
images can help the physician to include or exclude some regions
of the images. On the other hand, CT images can provide anatomic
boundaries for PET-positive regions. One might naturally wonder
whether the boundary seen at the anatomic modality really corre-
sponds to the boundary of the PET-positive tissue. This question is
largely discussed in the literature (see e.g., [17,21–23]) and is be-
yond the scope of this paper. Another approach to reducing the
variability of the delineation consists in relying on automatic or
semi-automatic segmentation methods. Letting the computer do
the job is an obvious way to ensure consistency and reproducibil-
ity, at least for fully automatic methods. In practice, target delinea-
tion is achieved by segmentation of the image [24]. This technical
term refers to the action of splitting an image into non-overlapping
regions that are meaningful with respect to the image semantics,
i.e., there is an agreement between the regions and the underlying
depicted objects. Segmentation can also be cast within a statistical
framework as an unsupervised classification problem [24]. This
means that one gets a data set, consisting of several items (e.g., pix-
els), and one wants to give a label to each item with some level of
certainty.

Review of automatic delineation methodologies

Image segmentation can be achieved in various ways. The sim-
plest method consists in considering each pixel independently and
to determine its class label by looking solely at its value. This turns
out to be equivalent to building the image histogram and to split it
into several parts thanks to one or several thresholds. In a binary
problem (e.g., with two classes: target and non-target), one thresh-
old is sufficient.

Thresholding can be refined in several ways. The simplest and
most common approach is hard-thresholding and consists in a bin-
ary decision: any voxel with an uptake higher than the threshold
value belongs to the target. Alternatively, hard thresholds can be
replaced with probabilistic modelling [25], that is, ‘‘soft threshold-
ing”. The histogram is then approximated by a mixture of several
probability density functions, one for each class. Parameters of
the densities can be adjusted using the expectation–maximization
algorithm [26]. This approach allows the user to balance the rates
of false positives and false negatives.

Another refinement is provided by clustering methods [27].
Schematically, clustering aims at gathering items with similar
properties, e.g., pixels with close values. Clustering generalizes
thresholding to more than two regions or to multivalued pixels
and it can thus be useful when the target is surrounded by several
other regions such as healthy tissues, air, inflammation, etc., which
all have a different uptake. Multivalued pixels are encountered in
dynamic PET images: each pixel is associated with a time activity
curve and takes several values during the course of the acquisition
[28]. Clustering is also particularly useful in multimodal segmenta-
tion [29]. Like thresholding, clustering can entail hard boundaries
(e.g., K-means [25]) as well as soft or probabilistic ones (e.g., fuzzy
K-means [27]) or mixtures of multivariate distributions ([25]).

Most of the above-mentioned methods make their decisions
without taking into account the structure of the image and the spa-
tial relationships between pixels. Only pixel values are used to
identify regions. Accounting for this structure can be achieved in
various ways. For instance, one can feed a clustering algorithm
with multivalued pixels, composed of the genuine pixel value plus
combinations of adjacent pixels [30,31]. The image processing
community can also provide us with segmentation methods that
work directly on the image and fully exploit its spatial structure.
Such methods are for instance active contours (deformable con-
tours that stick to high gradient zones) [29,32,33], the watershed
transform (flooding simulation on a gradient magnitude image)
[34,35], or hidden Markov random fields (generalization of soft
clustering that takes into account the spatial structure of the im-
age) [36,37]. In contrast to thresholding, these methods provide
more flexibility, at the expense of a bigger complexity and a larger
number of parameters to be tuned in many cases.

Nevertheless, the capability of a delineation technique to take
into account the interdependences between neighbouring pixels
is not a guarantee of success. Resolution blur generates indeed a
specific type of interdependences, whose correct modelling is the
key to delineation accuracy. In this respect, methods that explicitly
account for resolution blur in their model (see e.g., [35]) are likely
to outperform those in which interdependences are not directly re-
lated to resolution blur. The former methods are closely related to
state-of-the-art PVE correction techniques [38] and typically in-
volve a deblurring step that is achieved with a deconvolution algo-
rithm [39,40]. They also show a great versatility and can be
adapted to different PET systems in a straightforward and princi-
pled way. For instance, the method described in [35] has been used
with various systems in [12,28].

Thresholding in question

As a matter of fact, thresholding is an old [41] but still very pop-
ular automatic method of segmenting PET images (see e.g.,
[15,17,18,42–47] and references therein). As the goal is to separate
a region with high uptake from a background with lower uptake,
the idea of an intensity threshold naturally emerges. It is both intu-
itive to understand and easy to implement: all pixels having an
intensity that is lower than the threshold are labeled as non-target
whereas those with a higher intensity are considered to belong to
the target region. In order to avoid disconnected regions, region-
growing [24] algorithms can refine the process. Their purpose is
to avoid speckled regions, by considering the neighbourhood of
each pixel in addition to its own value. If a pixel has an intensity
that classifies it in region A whereas the majority of its neighbours
are in region B, it will be seen as an outlier and swallowed by re-
gion B. Region-growing thus improves the robustness of threshold-
ing against statistical noise. The implementation of thresholding
raises several questions about the threshold value. The literature
suggests many answers. If the images are appropriately normal-
ized, e.g., expressed in standardized uptake value [48], then the
threshold can be an absolute value (e.g., SUV = 2.5 [15,17,18,49]).
The threshold can otherwise be specified in a relative way, with re-
spect to lower and/or upper landmarks; these can be for instance
the average uptake in the background and the maximum value in-
side the target [50–52]. The average background uptake is some-
times subtracted from the maximum target uptake [46,53–55].
As to the threshold, it can be a single, fixed percentage in all cases
or its value can be adaptive [17], that is, specific to each situation. A
value of approximately 40 percent of the maximum value in the
target region is often mentioned for methods with a fixed thresh-
old [41,56]. Adaptive methods often rely on calibrated curves that
give the threshold as a function of some variable such as the
source-to-background ratio [52,57,58]. This approach makes these
methods applicable to a broader range of cases. In particular, it
tends to increase their robustness against partial volume effect
(PVE) [38,52].

Many threshold-based delineation techniques found in the lit-
erature still rely on an empiric methodology. Phantom images
are acquired with objects of various shapes and sizes and measure-
ments are collected. These are for instance the average background
uptake, the maximum uptake inside the objects, and of course the
threshold that allows the objects to be delineated as exactly as pos-
sible. Next, regression is carried on in order to obtain the thres-
hold as a function of the measured quantities. After regression,
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performing the same measurements on any new object leads to an
approximation of the optimal threshold. In this methodology,
nothing guarantees that the measured quantities are optimal or
even meaningful. In addition, this methodology is not easily trans-
posable from one PET system to another, as it does not clearly iden-
tify how key parameters such as the resolution [59] of the images
influence the delineation result [52]. A more principled approach
to the problem should actually focus on those important parame-
ters. Blur caused by the low resolution of PET image is likely to ac-
count for the difficulty of target delineation. Several publications
have pursued this line of investigation, in both SPECT [60,61] and
PET [46] literatures. Briefly, the principle is as follows. Resolution
blur can be simulated by convolving sharp images with a Gaussian
function that approximates the point-spread function (PSF) [59] of
the considered PET system. This mathematical tool allows us to
visualize how blur actually distorts the contours of the depicted
objects. It has been used in simple configurations such as spherical
objects, with uniform uptakes both inside and outside. In this case,
the threshold curve can be analytically determined and even the
cold wall of the spheres can be modelled [46,62].

Simulations as described above convey much information. For
instance, they show that the optimal threshold depends on the
size, shape, and uptake of the object to be delineated [61]. By ‘opti-
mal’ it is meant that the threshold can be adjusted in such a way
that the delineated volume matches the true object volume. Unfor-
tunately, the relationship between the threshold and the object
properties is difficult to establish. The conditions to obtain an accu-
rate delineation, that is, an exact (or very close) correspondence
between the delineated and true contours are very strict. From
the formal analysis given in [46,61,62], one can conclude the fol-
lowing: considering an object whose largest diameter is less than
ten times the image resolution, given as the full width at half max-
imum (FWHM) of the PSF, there exists a single threshold value that
allows the true contours of the object to be accurately recovered if
and only if (i) the object is spherical, (ii) the uptake is uniform in-
side and outside the object, and (iii) the PSF is isotropic and con-
stant over the whole field of view. As a corollary, the same
analysis [46] tells that (i) the threshold must be expressed as a per-
centage with 0% being the background uptake and 100% being the
maximum target uptake and (ii) the optimal threshold depends on
the ratio given by the sphere radius divided by the PSF FWHM. The
resulting curve is illustrated in Fig. 1. For small spheres, a high
Fig. 1. Threshold-based delineation of spherical objects. The left diagram considers a sp
inside the sphere than outside; it is null within the wall. Three profiles are shown: th
(Gaussian isotropic PSF with FWHM = 5 mm) when the cold wall is neglected, and the blu
shows the threshold that allows the exact delineation of a sphere in a blurred image.
percentage of the maximum uptake after subtraction of the background activity. A math
the sphere radius divided by the PSF FWHM. Two curves are drawn, depending on whe
threshold (>50%) compensates for the typical uptake loss that is re-
lated to PVE [38]. For mid-sized spheres, PVE is negligible but
edges are still heavily smoothed, requiring a low threshold. For
large spheres, both PVE and resolution blur become negligible
and the threshold converges on the intuitive value of 50%. Inciden-
tally, thresholds ranging from 35 to 45% correspond to radius/
FWHM ratios that are typical of mid-sized tumours (diameter of
less than 4 cm) imaged with conventional PET systems
(smoothed/filtered images having a FWHM PSF of 4–7 mm). Hence
this provides a theoretical justification to thresholds about 40%
that are applied to smoothed images in the literature [46].

The above model shows that the delineation problem is circular
already in a very simple configuration. The threshold that gives the
contour of the spherical volume, and thus its radius, depends on a
ratio that involves itself the unknown radius. Therefore, the thresh-
old should be determined in an iterative way [46]. Successive trials
can help to find out an agreement between the assumed ratio (ra-
dius/FWHM), the corresponding threshold, and the resulting ra-
dius. Eventually, accurate threshold-based delineation turns out
to be difficult in simple cases. If any of the above-mentioned con-
ditions (sphericity, uniformity, etc.) is not satisfied, then the situa-
tion gets even worse and the true object contour cannot be exactly
recovered (see Fig. 2). In real cases, delineation accuracy of thres-
holding (in terms of contours, not volumes) is thus likely to be
low, because noise and reproducibility issues come as additional
difficulties. This rather discouraging situation is confirmed empir-
ically in numerous studies (see comparisons and references in [17–
19,42–45], for instance).
Validation issues

The purpose of validation is basically to check that the consid-
ered delineation method is applicable to a broad range of cases
with a reasonable accuracy. Quality and pertinence of validation
thus depends on (i) the set of images it involves and (ii) the quality
criteria it uses to assess the discrepancy between the obtained re-
sult and the desired one.

Several types of images can be used in validation. Computer-
generated images are typically useful in the primary steps of vali-
dation, as a proof of concept [35,46,61]. They can be produced in a
straightforward way by a two-step model of the considered PET
here with a radius of 8 mm and a 1 mm-thick wall. The uptake is four times higher
e true uptake (infinitely high resolution, i.e., zero PSF FWHM), the blurred profile
rred profile (same resolution) when the wall is taken into account. The right diagram
The PSF is assumed to be Gaussian and isotropic. The threshold is expressed as a
ematical analysis reveals that the threshold varies with respect to the ratio given by
ther the sphere wall is taken into account or not.



Fig. 2. Effect of resolution blur on threshold-based delineation. The object to be
delineated consists of two intersecting spheres having radii equal to 13 and 7 mm.
Uptake is zero everywhere except in the part of the large sphere that does not
intersect with the small one. Uptake is non-uniform and grows linearly from left to
right. The same slice of the three-dimensional object is depicted twice, with 1 mm3

voxels. On the left, resolution is high (PSF FWHM no larger than 1 mm); on the right,
the resolution is lower and representative of a modern PET system (Gaussian PSF
with an isotropic FWHM of 5 mm). The blurred image of the object is delineated five
times. The black curve is the true contour of the object (7.786 ml), whereas the red
ones correspond to thresholds respectively equal to 20% (9.971 ml), 30% (7.747 ml),
40% (5.954 ml), and 50% (4.421 ml) of the maximum uptake. As can be seen, a
threshold of 30% delineates the object with nearly the right volume but with an
important mismatch. No single threshold value is actually able to accurately
recover the true object contour. The above toy example illustrates only two
difficulties, namely a non-uniform uptake and a non-spherical shape. Accuracy
would further decrease with a smaller object, heterogeneous background uptake,
larger voxels, statistical noise, and/or object motion.
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system. In this model, sharp images are first convolved with the
PSF of the PET system and some noise is added afterwards [35].
A more principled method of generating artificial images consists
in simulating the imaged objects and the PET system with a Monte
Carlo approach [63,64]. This provides raw data (e.g., sinograms
[59]), from which images can be reconstructed [65] using the
PET system’s software. This second method is obviously much
more convincing but is more difficult to implement.

Another type of images that is often used in validation stems
from phantom experiments (see e.g., [41,46,52,66]). Like artificial
images, phantom images have the advantage that the experi-
menter can easily measure the true object properties (volume, con-
tours, etc.) and compare them to those obtained by delineation. In
this respect, it is noteworthy that phantoms usually contain plastic
walls that separate compartments with different tracer concentra-
tions. Though thin, these walls have a non-negligible impact on the
images and should be accounted for [35,46,55,62]. Compared to
artificial images, phantoms do not require complex software simu-
lations. Limitations rather come from the hardware. Objects mim-
icking realistic tumours with complex shapes and heterogeneous
tracer concentrations prove difficult to make.

The ultimate validation step usually involves patient images.
They raise many issues. They can be difficult to obtain, for financial,
logistic, as well as ethical reasons. More importantly, the ground
truth behind these images is nearly out of reach. In order to mea-
sure the tumour volume and its contours, the physician needs to
acquire images with another modality than PET (e.g., CT) and/or
to surgically extract the tumour [12,23,67,68]. Both ways are paved
with difficulties. Comparing PET with another modality can raise
registration and patient repositioning issues. Moreover, nothing
guarantees that the alternative modality conveys trustworthy
and/or relevant information. For instance, comparing PET to CT
or magnetic resonance relies on the questionable assumption that
the tumor contours look the same with all three modalities. Any
proof of this hypothesis would at the same time reduce the interest
of PET. The literature rather points in the opposite direction (see
e.g., [12,23]). As to surgical specimens, difficulties are numerous
and various as well. Once extracted, the surgical specimen can de-
form and/or loose volume. Further deformation can occur during
freezing, slicing, scanning, 3D reassembly, and registration. Finally,
contours that are manually drawn by an anatomopathologist are
subject to the usual questions of variability and relevance (as com-
pared to PET).

Starting from the validation material as described above, vari-
ous figures of merit can assess the results of delineation tech-
niques. The simplest criterion is to compare the volume of the
delineated target with its true value. The volume difference, how-
ever, proves to be too mild a criterion: strict volume equality does
not guarantee that delineated and true contours match. Volume
differences should at least be analysed in terms of bias and vari-
ance, in order to distinguish systematic over- or underestimation
from a lack of precision.

In fact, segmentation results should ideally be further evaluated
with volume overlap measures, such as Dice’s similarity index
[69,70]. This index allows false positive and false negative (or
equivalently, sensitivity and specificity) to be summarized in a sin-
gle quantity. When the comparison with reference contours in-
volves a registration step, mismatch measures tend to underrate
delineation results as they are sensitive to registration inaccuracies
as well. Many other volume comparison criteria exist, such as
Hausdorff’s contour-to-contour distances, barycenter distance,
shape characterization, etc. They usually do not offer the intuitive
simplicity of overlap measures.

From a statistical point of view, validation is the last step of a
model fitting process and it aims at confirming that the considered
model is appropriate with respect to the available data [71]. In the
case of PET-based delineation, data consists of inputs, i.e., the
images, and outputs, i.e., the target contours. Similarly, the seg-
mentation method corresponds to the model that processes the in-
put to produce the desired output. Statistical models can be
characterized by their complexity, which roughly amounts to the
number of parameters that need to be calibrated using data. For in-
stance, the shape parameters of a curve that gives an uptake
threshold with respect to a source-to-background ratio fall in this
category. They are specific to the considered segmentation method
and their value is ‘learnt’ from pre-segmented phantom images. On
the other hand, a parameter such as the resolution of a PET image
has a meaning by its own and it can be measured directly and inde-
pendently of any image segmentation. This allows us to distinguish
methods that need a calibration (e.g., [41,57,52]) from those that
do not (e.g., [35,46]).

When a calibration is necessary, the available data for which the
ground truth is assumed to be known must be split in two parts:
the calibration set and the validation set. In many publications, cal-
ibration data consists of contoured phantom images whereas pa-
tient images are kept for validation (see e.g., [41,46,52]). From a
statistical point of view, if the true contours are known for patient
images, then it is actually better to mix phantom and patient data
in both calibration and validation sets, provided calibration data
are not reused in the validation step. Blending prevents the model
from overfitting, that is, performing very well with calibration data
and poorly with validation data. Ideally, the size of the calibration
and validation sets should be as large as possible, especially when
the model includes many parameters to be adjusted.

Summary and conclusions

Accuracy of automatic target delineation is directly conditioned
by image quality [61,72]. Therefore, image acquisition and recon-
struction are as important as the delineation technique itself.
Increasing the acquisition duration or the tracer dose can contrib-
ute to improving the signal-to-noise ratio of the image (the larger
amount of collected data reduces the statistical uncertainty in the
reconstructed image). These requirements must naturally be put in
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the balance with patient comfort and financial cost. Breathing and
other patient movements should be carefully addressed e.g.,
thanks to PET acquisitions with respiratory gating [73]. Motion
blur significantly complicates the delineation task.

Image reconstruction should be achieved with modern iterative
algorithms, which are less prone to artifacts [64]. Beside the signal-
to-noise ratio, resolution appears as another important factor in
the quality of delineation [46,61]. The lower the resolution is, the
stronger the object edges are blurred and distorted, making accu-
rate delineation very difficult. Although the underlying physical
process of PET limits the resolution of the images, the reconstruc-
tion has a non-negligible impact. For the purpose of image segmen-
tation, reconstruction protocols should avoid heavy smoothing
[52,65] and include resolution recovery techniques [74–76].
Obtaining higher quality images usually increases the reconstruc-
tion time. If properly designed, delineation techniques can cope
with noisy images, though they are not visually pleasant. As a sim-
ple way to improve the resolution of images, Gaussian post-recon-
struction smoothing can be replaced with more elaborate
denoising tools, such as edge-preserving tools [35].

As to the delineation technique itself, it would be hazardous to
give precise recommendations. Uptake thresholding is simple to
implement but relies on very strong assumptions, namely, target
sphericity, uptake uniformity inside and outside the target, and
isotropy of the PET system PSF [61,46]. Results for small, heteroge-
neous, or non-spherical tumours are often disappointing. Theory
tells that the background uptake should be subtracted and that
the threshold should be a fraction of the maximum activity mea-
sured inside the target [46]. The curves in Fig. 1 show that a fixed
and identical threshold applied to all targets is not appropriate,
especially for small ones. As the optimal threshold depends on a ra-
tio that involves the target size, its value should be determined in
an iterative way [46]. In practice, the above described technique
suffers from several shortcomings. Estimating the average uptake
in the background in a user-independent way can be difficult. Sim-
ilarly, the measured maximum uptake inside the target tends to
overestimate the true maximum due to noise. On the other hand,
averaging a few pixels around the maximum leads to an underes-
timation for small objects. Eventually, the iterative search for the
optimal threshold can fail to converge to the right value in difficult
cases (non-spherical target and/or non-uniform uptake). In brief,
even the best threshold-based segmentation methods suffer from
significant shortcomings that counterbalance the intuitive simplic-
ity of their principle.

Delineation methods that stem from another paradigm than
thresholding are usually more complex. Some of these methods
rely on less restrictive assumptions and are thus more robust than
thresholding when tumours are small and/or heterogeneous. On
the other hand, their requirements in terms of image quality can
be higher: they are more sensitive to noise and artefacts. It is cer-
tainly too soon to indicate a non-threshold-based delineation tech-
nique that would stand out against all other proposals. However,
likely candidates should be based on a model that directly address
the issue of resolution blur, as this turns out to be the main imped-
iment toward accurate delineation. Most of the published methods
also suffer from validation weaknesses. The most prominent short-
comings are the small size and low quality of the validation sets.
Patient data in particular are difficult to collect and to process.
Methods should also be calibrated and validated with images com-
ing from different PET systems, in order to clearly identify the rela-
tionships that bind the method parameters to those of the
considered PET systems. This would also favour the dispersion of
the methods across the scientific community. In the current situa-
tion, results are difficult to reproduce and researchers are often
tempted to propose a new method that eventually shows the same
weaknesses. This ambient tendency toward ‘yapetism’ (yet another
PET image segmentation method) explains the multitude of meth-
ods found in the literature. In spite of the accomplished work, the
most reliable and robust delineation method remains to be found.
It will probably emerge naturally once large, shared, and high-
quality validation data sets will be available among research
teams.
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Quantitative analysis can be included relatively easily in clinical PET-imaging protocols, but in order
to obtain meaningful quantitative results one needs to follow a standardized protocol for image acqui-
sition and data analysis. Important factors to consider are the calibration of the PET scanner, the radi-
otracer uptake time and the approach for definition of regions of interests. Using such standardized
acquisition protocols quantitative parameters of tumor metabolism or receptor status can be derived
from tracer kinetic analysis and simplified approaches such as calculation of standardized uptake val-
ues (SUVs).
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Rationale for quantitative analysis of PET scans

For staging of malignant tumors PET scans are assessed visually
and focally increased FDG-uptake not explained by the normal bio-
distribution of FDG is considered to be suspicious for metastatic
disease. In a similar way PET scans may be read for radiation treat-
ment planning, e.g., if PET is used for detection of lymph node
metastases. However, quantitative analysis of the PET signal fre-
quently becomes necessary, when PET scans are performed for
the biological characterization of the tumor tissue in order to de-
fine subvolumes within a tumor mass or in order to assess the
prognosis of a patient. In this context, quantitative analysis of the
PET images permits objective comparisons between an individual
case and data in the literature. Quantitative analysis can also dif-
ferentiate unspecific binding of a tracer from specific accumulation
by the studied biological process. Finally, quantification of the PET
signal can facilitate observer-independent algorithms for auto-
matic delineation of target volumes.

After appropriate image acquisition, reconstruction and scanner
calibration PET images are inherently quantitative as every pixel of
the image represents an activity concentration (Bq/ml). Factors
that influence the accuracy of the measured activity concentrations
are briefly discussed in this section and in more detail in Section 7
‘‘PET image reconstruction, segmentation and thresholding”. The
focus of this chapter is on the next steps in quantification which
aim to derive a biologically relevant quantitative signal from the
activity concentrations measured by the PET scanner. Another
ciety for Therapeutic Radiology an

niversity Hospital Freiburg,

g.de
important issue related to quantitative analysis of PET scans is
standardization of PET image acquisition and analysis, which en-
sures that the results obtained at one site can be reproduced at
other centers. EANM guidelines for standardization of PET imaging
have been published recently [1].

Fundamentally three major biologic factors determine the up-
take of a PET tracer by the tumor tissue. First the specific interac-
tion of the imaging probe with the targeted process, e.g., the
metabolic rate of glucose. This signal is, however, more or less con-
founded by the second factor, the unspecific accumulation of the
tracer, i.e., uptake by passive diffusion or due to an increased extra-
cellular volume. Both specific and unspecific uptakes are depen-
dent on the amount of tracer injected and its clearance from the
blood pool. The goal of quantitative analysis is to determine the
specific uptake of the tracer from the total tracer uptake measured
by the PET scanner.

Different PET tracers vary significantly in their specific and
unspecific tumor uptakes as well as in their distribution and clear-
ance. The approach for quantitative data analysis is therefore
dependent on the individual tracer studied. Since FDG is by the
most commonly used tracer for oncologic PET studies, this chapter
focuses on the analysis of FDG-PET scan. Yet several of the princi-
ples discussed are also valid for other PET tracers.
Factors influencing quantitative measurements of tumor
glucose utilization by FDG-PET

Quantification of tumor metabolic activity by FDG-PET is com-
plicated by the fact that several factors [2] other than tumor glu-
cose use have an impact on the FDG-signal. Partial volume
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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effects can cause a marked underestimation of the true activity
concentration within a tumor. For a spherical lesion with a diame-
ter equivalent to 1.5 times the spatial resolution of the PET scanner
at full width half maximum (FWHM) the measured maximum
activity concentration is only about 60% of the true activity concen-
tration. The mean activity concentration is even lower, about 30%
of the true activity concentration. Only when the diameter of the
lesion is about four times higher than the spatial resolution of
the scanner, the difference between the peak measured activity
concentration and the true activity concentration will be less than
5% [3]. In clinical studies the spatial resolution of the reconstructed
images is in the range of 5 mm. This means that there is a marked
underestimation of tumor FDG-uptake in tumors up to a size of
2 cm. Furthermore, the activity concentration may be considerably
underestimated even in large tumors due to heterogeneous FDG-
uptake.

In addition to these principal physical limitations of PET imag-
ing, the definition of regions of interest affects the results of quan-
titative measurements of tumor FDG-uptake. Due to partial volume
effects the mean measured tumor FDG-uptake will decrease, when
the size of the region of interest used to define the tumor is in-
creased. On the other hand, image noise will lead to larger random
errors of the measured tracer uptake, when the size of the region of
interest is decreased. Boellaard et al. [4] reported that these factors
may cause an increase or decrease of the measured tracer uptake
by at least 50%.

Furthermore, it must be considered that FDG-uptake of malig-
nant tumors is time dependent. In most tumors tracer uptake in-
creases for at least 90 min after injection of FDG [5,6]. Thus FDG-
uptake will generally be considerably higher at later than at earlier
time points. In gastric cancer, e.g., a 50% increase in tumor FDG-up-
take has been observed from 40 to 90 min post-injection [6].

Plasma glucose levels have a significant influence on tumor
FDG-uptake, since FDG and glucose compete for glucose transport
and phosphorylation by hexokinase [7]. Therefore, FDG-uptake in
diabetic patients tends to be lower than in non-diabetic patients,
because plasma glucose levels are frequently elevated in this group
of patients at the time of the PET scan.

Finally, FDG is not chemically identical to glucose. This means
that FDG and glucose differ in their rates of phosphorylation, trans-
port and distribution volume in a tissue. The correction factor,
known as the ‘‘lumped constant” (LC), has been determined for
normal brain tissue and current estimates range from 0.65 to
0.89 [8]. In malignant tumors the LC is generally unknown. Accord-
ingly tumor FDG-uptake rates can always be only an approxima-
tion of tumor glucose utilization.
Approaches for quantitative analysis of PET scans

The FDG concentration measured by the PET scanner in a tissue
is a sum of three components: (1) phosphorylated intracellular
FDG, (2) unphosphorylated, intracellular FDG, and (3) unphosphor-
ylated, intravascular FDG. Only the first component, the amount of
phosphorylated FDG is directly related to the metabolic activity of
the tumor cells. Static measurements of FDG-uptake, which cannot
differentiate between these three components, are therefore not
necessarily a measure of glucose metabolic rates. As recently re-
viewed in detail [9] there are numerous approaches to overcome
these limitations of static imaging and to quantify tumor glucose
metabolism. The two main approaches are (i) non-linear regression
analysis with a two tissue compartment models and (ii) simplified
tracer kinetic approaches such as Patlak–Gjedde analysis. Both ap-
proaches require dynamic PET studies of the tumor region lasting
about 60 min. During this period only one bed position (about
15 cm axial field of view) can be imaged. Thus, only one tumor le-
sion can be assessed and additional scans are required for tumor
staging. Because of this limitation dynamic scans are only rarely
used in clinical PET studies.

Instead, tumor FDG-uptake is frequently quantified by so-called
standardized uptake values or (SUVs). Only one PET scan at a fixed
time post-injection is necessary to calculate SUVs according to the
following formula.

SUV ¼ c
D

bw:

In this formula c is the tumor activity concentration measured by
the PET scanner (Bq/ml), D is the injected dose (Bq) and bw is the
body weight in grams.

The activity concentration in the tumor is divided by the in-
jected dose in order to correct for the fact that different patients
are injected with slightly different amounts of radioactivity for
PET imaging. The multiplication with the body weight serves as a
first order correction for differences in the whole body distribution
of FDG. In a patient with a body weight of 50 kg the average activ-
ity concentration in the body immediately after injection will be
two times higher than that in a patient with a body weight of
100 kg. By multiplying with the body weight this effect is elimi-
nated. However, the distribution volume of FDG does obviously de-
pend not only on patients’ body weight, but also on the body
composition. SUVs of malignant tumors tend to be significantly
higher in obese patients, since the FDG concentration in adipose
tissue is significantly smaller than in the remaining body. Accord-
ingly, the distribution volume of FDG per kg body weight is smaller
in obese than in non-obese patients, so multiplying with body
weight leads to incorrectly high SUVs [10]. SUVs normalized
by body surface or lean body mass have been shown to provide
more reliable estimates of FDG metabolic rates in obese patients
[10,11].

Overall, however, several studies have shown that SUVs are
quite well correlated with more sophisticated parameters derived
from tracer kinetic analysis [9,12]. This indicates that in highly
metabolically active tumors contribution of unphosphorylated
intracellular and intravascular FDG can be ignored when imaging
is performed sufficiently late after tracer injection (i.e., about
60 min p.i.). In tumors with low metabolic activity, however, the
contribution of unphosphorylated FDG to the PET signal can be sig-
nificant and SUVs may therefore overestimate the metabolic activ-
ity of the tumor tissue [13].

An alternative simplified approach for quantitative analysis is
the calculation of tumor/background ratios. While these ratios
are easy to calculate and do not require a cross-calibration of the
PET scanner and the dose calibrator, their use is associated with
several problems. Dividing by the activity concentration in the ref-
erence tissue increases the statistical noise of the measurements,
especially when tissues with low FDG (e.g., resting skeletal muscle)
are used as reference tissues. Furthermore, tumor/background ra-
tios are more dependent on the uptake time than SUVs, as FDG
continues to be accumulated in the tumor, while it is continuously
washed out from most normal tissues (e.g., liver).

Errors in SUV calculation

Although calculation of SUVs is straightforward, a number of er-
rors may occur in clinical practice [14]. Frequent sources of error
are listed in Table 1. Paravenous injection of FDG will decrease
the amount of tracer that is available for uptake by the tumor
and will incorrectly decrease the measured SUVs. If the injected
activity is not decay corrected for the time between injection and
imaging (uptake period), SUVs will be markedly underestimated.
After a typical uptake period of 1 h approximately 30% of the in-
jected activity has decayed. This means that tumor SUVs will be



Table 1
Common sources of errors in the measurement of SUVs.

Error Effect on tumor SUV

Paravenous FDG injection, residual activity in the syringe Incorrectly low SUV because less FDG is available to be taken up by the tumor
No decay correction of the injected activity Incorrectly low SUV
Incorrect cross-calibration of scanner and dose calibrator Incorrectly low or high SUV, depending on the error of the calibration factor
Body weight of the patient incorrect The higher the body weight the higher the SUV
Different approaches to define regions of interest (e.g., 75% and 50% isocontours) The larger the region of interest the lower the SUV
Patient movement Incorrectly low SUV due to blurring of the tumor
Variable uptake period (time between injection and imaging) The longer the uptake period, the higher the SUV
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underestimated by a factor of approximately 1.5 if the injected
activity is not decay corrected.

The interval between FDG injection and imaging (uptake period)
is perhaps the most critical parameter. As described above, the
activity concentration in malignant increases for at least 90 min
after injection of FDG. Thus, it is difficult to compare SUVs that
are measured at different times after injection. Therefore, every ef-
fort should be made to keep the range of variations of the uptake
below 10 min. In clinical practice this requires careful planning of
the time of FDG injection and start of scanning.

If one follows a strict protocol for data acquisition and analysis
SUVs represent a fairly stable parameter that can be measured with
rather high reproducibility. A series of studies have indicated that
the standard error of repeated SUV measurements is about 10%
[15–21].
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Purpose: To describe the degradation effects produced by respiratory organ and lesion motion on PET/CT
images and to define the role of respiratory gated (RG) 4D-PET/CT techniques to compensate for such effects.
Methods: Based on the literature and on our own experience, technical recommendations and clinical indi-
cations for the use of RG 4D PET/CT have been outlined.
Results: RG 4D-PET/CT techniques require a state of the art PET/CT scanner, a respiratory monitoring system
and dedicated acquisition and processing protocols. Patient training is particularly important to obtain a
regular breathing pattern. An adequate number of phases has to be selected to balance motion compensa-
tion and statistical noise. RG 4D PET/CT motion free images may be clinically useful for tumour tissue char-
acterization, monitoring patient treatment and target definition in radiation therapy planning.
Conclusions: RG 4D PET/CT is a valuable tool to improve image quality and quantitative accuracy and to
assess and measure organ and lesion motion for radiotherapy planning.
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear
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Integrated positron emission tomography/computed tomogra-
phy (PET/CT) imaging with the use of [18F]fluorodeoxyglucose
(FDG) is a widely established imaging technique with major indica-
tions in oncology for staging, re-staging and monitoring response
to therapy. FDG-PET/CT is also used in radiation oncology for target
volume definition and treatment strategy, taking full advantage of
the state of the art technology. As an example, intensity modulated
radiation therapy (IMRT) allows highly accurate conformal treat-
ments. PET biological information (biological target volume, BTV)
being integrated with the anatomical information provided by CT
(gross tumor volume, GTV) may accurately characterize the tumor
tissue to be treated [1–6]. However, an important source of image
degradation in both CT and PET is represented by organ move-
ments, mainly due to cardiac and respiratory motion, affecting:
(i) image quality and quantitative accuracy for diagnostic purposes
and (ii) the ability to define accurate target volumes in radiation
oncology. Whereas cardiac motion has important local effects on
the heart itself and on areas proximal to the heart, respiratory mo-
tion affects the imaging for the majority of the body extent, from
the thorax to the abdomen (including heart, lungs, liver, pancreas
ciety for Therapeutic Radiology an
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and kidneys). It has been reported that organ displacements of
about 5, 5 and 20 mm may occur in anterior–posterior, left–right
and superior–inferior directions, during normal breathing [7,8].

In CT imaging, organs’ motion can produce inaccurate informa-
tion about the size, shape and volume of the anatomical region un-
der examination [9,10]. To avoid motion artefacts, most of the CT
clinical protocols are performed in breath-holding condition. This
procedure is easily accomplished in CT, because of the short dura-
tion of CT scans (few seconds), particularly when the latest gener-
ation multi-slice CT scanners are used.

Conversely, breath-holding is not feasible in PET, due to the long
acquisition time needed to complete a whole body PET study (1–
3 min/field of view � 6–8 fields of view). PET studies, performed in
free breathing condition, are thus affected by motion artefacts,
resulting in image degradation effects. As a result of motion, the
radioactivity of a concentrated source (lesion) appears smeared over
the volume of displacement, causing a loss of image contrast (thus of
lesion detectability), an underestimation of the tracer uptake (radio-
activity concentration, as measured by standardized uptake value –
SUV), and an overestimation of the lesion volume [11–13].

Furthermore, when using integrated PET/CT tomographs, to
combine anatomical CT and functional PET information, the
temporal mismatch between the short (few seconds) CT and the
long (minutes) PET scans may generate a spatial misalignment
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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between CT and PET data. This misalignment is responsible for
artefacts in the reconstructed PET images, when CT is used for
attenuation correction [14–16].

The limitations in PET image quality and quantitative accuracy
caused by motion explain the growing interest in studying the ef-
fects of breathing and in developing methods to control and com-
pensate for the degradation effects related to motion. To this
regard, one of the most recent technological progresses of inte-
grated PET/CT systems is related to the development of respiratory
gated (RG) 4D-PET/CT acquisition techniques. The RG 4D-PET/CT
techniques, by synchronizing PET and CT acquisition to the pa-
tient’s respiratory cycle, represents an innovative methodology
for accurate imaging of tumors, particularly those located in the
thorax and in the upper abdomen, where organ/lesion motion is
relevant. The aim of RG 4D-PET/CT techniques is, in fact, to produce
‘‘motion free” and well-matched PET and CT images corresponding
to specific phases of the patient’s respiratory cycle [17,18]. The RG
4D-PET/CT techniques might have a great impact on: (i) clinical
diagnostic applications, where the goal is the detection and the
accurate metabolic characterization of lesions affected by respira-
tory movements and (ii) radiation therapy, where the goal is to as-
sess, the true volume of the tumor and its real motion, to obtain an
accurate target delineation and, in general, a more accurate and
personalized definition of the treatment plan [7,19–24].
RG 4D-PET/CT: technical aspects

There are three essential tools required to perform RG 4D-PET/
CT studies. These are:

(i) an integrated PET/CT system;
(ii) a respiratory monitoring system to detect and record a sig-

nal representative of the patient’s respiratory cycle, synchro-
nized to 4D-CT and 4D-PET data acquisition;

(iii) acquisition and processing protocols dedicated to RG 4D-
PET/CT studies.

Integrated PET/CT system

State of the art PET/CT systems have to be characterized by
powerful hardware and dedicated software, to process the large
amount of data, as those produced in an RG 4D-PET/CT study. Fur-
thermore, for RT applications: (i) additional external lasers have to
be installed in the PET/CT room, to reproduce the same spatial ref-
erence system as in radiation therapy, (ii) a flat patient table has to
be available, to reproduce the same setting of the patient as during
radiation treatment, and (iii) the gantry bore should be wide
(P70 cm), to allow the use of patient’s positioning/immobilization
devices specifically designed for radiation therapy applications.
Respiratory monitoring system

Several devices can be used as respiratory monitoring systems
[25], based on different physical principles:

– pressure sensor: it consists of an elastic belt containing a load-
cell (sensor) that can be fastened around the patient’s abdomen
or thorax. With respiratory movements the belt tightens pro-
ducing a change of the pressure inside the belt, which is
detected and measured by the load-cell;

– spirometry system: it measures the respiratory flow of air in-
coming and out-coming from the lungs;

– strain-gauge belt: it measures the volumetric expansion of the
chest as a change of either resistance or voltage of an electric
transducer (e.g. piezoelectric element);
– temperature sensor: it measures the temperature of the air in-
coming and out-coming from the nose during breathing;

– opto-electronic system: it detects, by using optical methods (e.g.
infrared light), the movements of one or more markers posi-
tioned either on the chest or on the abdomen of the patient.

It is important to note that among the different respiratory mon-
itoring systems, only the spirometry system reveals the patient’s
breathing pattern through a signal directly associated to patient’s
respiration, whereas all other respiratory monitoring systems detect
the breathing pattern through an indirect measurement of the pa-
tient’s breathing signal (e.g. expansion of the chest, abdomen
motion).

Respiratory monitoring systems, during both 4D-CT and 4D-PET
scans, should allow:

(i) detection and registration of the patient’s breathing curve;
(ii) detection and registration of whether the X-ray beam is On/

Off;
(iii) generation of a trigger signal at the beginning of each new

breathing cycle;
(iv) generation of a trigger signal when the breathing curve

crosses a specified threshold;
(v) conversion of the measured breathing signal in a real time

breathing curve to be synchronized with the acquisition
system.

RG 4D-PET/CT: acquisition and processing protocols

Once the synchronization between patient’s breathing curve
and acquisition system is established, RG 4D-PET/CT data can be
acquired either in a prospective or in a retrospective mode [26–
28]. In the prospective mode data are addressed to a selected respi-
ratory phase during acquisition, whereas in the retrospective mode
data are sorted to the appropriate respiratory phase by post-pro-
cessing after acquisition.
4D-CT
In the prospective 4D-CT technique, data are selectively ac-

quired during a time window within the breathing cycle, corre-
sponding to a specific respiratory phase. The time window is
defined by a pre-established threshold: during each breathing cy-
cle over the CT scan, data acquisition starts and stops when the
respiratory curve triggers the established threshold. The most
commonly used respiratory phases for prospective 4D-CT acquisi-
tions are those corresponding to end-expiration or end-inspiration.
In particular, with respect to organ/lesion motion, end-expiration
usually represents the most stable condition within the whole
breathing cycle. When using the prospective 4D-CT technique,
the anatomical volume is depicted in a single respiratory phase,
corresponding to a specific moment of the breathing cycle, without
information on the whole respiratory motion of the organ/lesion
under examination.

Prospective 4D-CT protocols are commonly used, independently
from the association with PET or 4D-PET, for RT applications per-
formed in gated mode over the same phase (e.g. end-expiration
or end-inspiration).

The retrospective 4D-CT technique requires the acquisition of data
at each table position (over the same anatomical region) for the dura-
tion of at least one complete patient’s breathing cycle. Once recon-
structed the 4D-CT images are sorted in a number of phases (e.g.
10), each representative of the anatomical volume in a specific mo-
ment of the patient’s breathing cycle. Conversely to the prospective
technique, the retrospective 4D-CT technique, by producing a set of
images representative of the whole breathing cycle, allows the detec-
tion of the complete organ/lesion motion during respiration.
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In a retrospective 4D-CT scan, the dose delivered to the patient
is higher than that in a prospective 4D-CT scan or in a conventional
helical CT scan, using the same acquisition parameters (e.g.
kVp, mA).

RG 4D-CT data acquisition, both prospective and retrospective,
can be performed by either the helical or the cine scanning mode
[26–28]. When 4D-CT helical scan mode is used, the acquisition
parameters (translation speed, gantry rotation time, pitch factor)
must be properly set, in order to guarantee that each portion of
the body is imaged throughout the whole breathing cycle (com-
plete sampling), and no anatomical slice in the final reconstructed
volume is missed.

In the 4D-CT cine scan mode, a step and shoot technique is
adopted: the X-ray tube rotates (very fast) repeatedly around the
patient in the same axial position for a time lasting at least for
one complete patient’s breathing cycle. The X-ray beam is then
automatically turned off, the table is moved into the next adjacent
axial position, and this process is repeated until the whole anatom-
ical region of interest is fully covered. Acquisition time for each ax-
ial position is normally prolonged for 0.5–1 s, with respect to the
patient’s average breathing cycle, to account for possible variability
in the length of the patient’s respiratory cycles.
4D-PET
RG 4D-PET studies are preferentially recorded in the 3D acqui-

sition mode, in either the prospective frame or the retrospective
list acquisition mode.

The prospective frame mode requires the a priori definition of
the number and duration of the phases into which each breathing
cycle is divided and data are sorted during acquisition. At the end
of the PET scan, data are reconstructed in a set of images corre-
sponding to the different phases of a representative patient’s
breathing cycle.

By using the retrospective list mode acquisition, data are re-
corded event by event with their spatial and temporal information.
At the end of the scan, 4D-PET raw data are processed (unlisted)
and reconstructed into a number of new datasets (4D-PET phase)
corresponding to the phases of the 4D-CT study.

The prospective frame acquisition mode has the advantage of a
limited disk space required to store 4D data. However, due to the
much higher flexibility in data processing allowed by the retro-
spective list acquisition mode, the prospective frame mode is cur-
rently very seldom used.

In order to perform accurate attenuation correction of the 4D-
PET study, 4D-PET phases should be corrected for attenuation
using the phase-matched 4D-CT data, warranting PET–CT accurate
spatial registration and temporal synchronization. For this pur-
pose, 4D-CT must be recorded in retrospective mode.

Gating schemes
Once acquired, 4D-CT and 4D-PET data are sorted and binned

according to a gating scheme to create the corresponding 4D-
PET/CT dataset. Different types of gating schemes are possible.
All these gating schemes divide each breathing cycle into the same
number of gates, either in time or in amplitude [29–32]:

– Time-based with equal gates: within each breathing cycle each
gate has equal time width.

– Time-based with variable gates: the time width of the gates var-
ies proportionally to the length of each breathing cycle.

– Amplitude-based with equal gates: each gate has the
same height with respect to the amplitude of the respiratory
signal.

– Amplitude-based with variable gates: the height of each gate
varies with respect to the amplitude of the respiratory signal.
The choice of the best gating scheme, to be used in the sorting of
4D-PET/CT data, depends on the characteristics of the patient’s
breathing pattern. Although time-based methods are most com-
monly used in clinical PET/CT systems, mainly for their simpler
implementation, amplitude-based methods are reported to pro-
vide more accurate results [29–32].

RG 4D-PET/CT: technical recommendations

Patient preparation

A condition required to obtain a valuable RG 4D-PET/CT study is
the regularity of patients’ respiration and their compliance during
the time of the scan. For this purpose, it is suggested to well train
the patient prior to RG 4D-PET/CT examination, by explaining the
purpose of the study and by describing the steps of the procedure.
Training is very important in radiation therapy applications, where
respiration regularity is crucial, in particular when respiratory
gated RT is used. To help the patient in this task, also considering
that gating techniques usually increase the overall scanning time,
audio and/or video coaching techniques can be used [33]. Although
it may cause constraints to patient’s normal breathing pattern, the
use of a coaching technique assists the patient in maintaining a
regular and reproducible breathing pattern. It is thus important
to find the coaching technique less affecting the normal breathing
pattern of the patient [33]. Furthermore, if a coaching technique is
used during the RG 4D-PET/CT study, the same coaching technique
has to be used during the RT treatment sessions.
RG 4D-PET/CT: acquisition and processing protocols

4D-CT
As mentioned above, 4D-CT acquired using a retrospective pro-

tocol, despite the higher radiation dose, is preferable as it allows
detection of the complete organ/lesion motion and the attenuation
correction of PET images with CT phase-matched images.

4D-CT at low dose (120–140 kVp and 30–90 mA, depending on
patient’s size and weight) may be performed in lung studies. When
4D-CT scan has to be performed with the concomitant injection of
contrast media, acquisition protocols have to be optimized to the
specific organ/tumor under examination (e.g. liver, pancreas), to
obtain images of diagnostic quality [34,35].

Once reconstructed, the whole 4D-CT image set has to be sorted
in a number of phases, each representative of the anatomical vol-
ume in a specific moment of the patient’s breathing cycle. Higher
the number of phases in which the breathing cycle is divided, bet-
ter the time sampling and thus the description of the tumor mo-
tion. The number of phases used to sort a 4D-CT study is usually
10 [36–41].

Once generated, the 4D-CT phases can be used for target vol-
ume definition (TVD). The contour of the target in each of 4D-CT
phases represents the GTV in different moments of the patient’s
breathing cycle. The combination of the GTVs gives the internal
target volume (ITV) representing the volume of space encompass-
ing the motion of the tumor due to the patient’s respiration.

A further data processing of 4D-CT images, to be used for TVD of
lung cancer, consists in the generation of maximum intensity pro-
jections (MIP) or an averaged (AVE) set of CT images. Briefly, in an
MIP image each voxel reflects the greatest density values through-
out all the 4D-CT phases, while in an AVE image each voxel is ob-
tained as the arithmetic mean among the 4D-CT phases.

The use of MIP or AVE images has been proposed (for lung can-
cer) to reduce the workload of contouring multiple target volumes.
In fact, it should be done for each of the 4D-CT phases, generated in
the data processing of a 4D-CT study. Main differences between
MIP or AVE images can be seen at the edges of the tumor where,



Table 1
RG 4D-PET/CT indications for radiotherapy applications.

Tumor location Disease phase Inclusion criteria

Lung Primary cancer No surgical indication
Recurrence Small lesions (650 mm)
Metastases Limited number of lesions (65)

Liver Primary cancer No surgical indication
Metastases Limited number of lesions (65)
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due to the motion, AVE images show blurred edges. Due to this
effect, the contouring of AVE images may underestimate the vol-
ume of space encompassing the tumor motion [38,42].

Furthermore, MIP and AVE images have to be carefully evalu-
ated in all the regions where the background and the tumor pres-
ent similar Hounsfield numbers (e.g. tumors located closed to the
diaphragm, nodal volumes in the mediastinum). Finally, both MIP
and AVE images may be used only for lung studies [37,38].
Pancreas Primary cancer No surgical indication
Recurrence

Adrenal gland Metastases Small lesions (650 mm)

4D-PET

Counts collected during a 4D-PET scan are subdivided among
the image phases representative of a respiratory cycle. The number
of phases has to be sufficiently high to produce motion-free or al-
most motion-free images. A main limitation in 4D-PET is thus rep-
resented by the statistical noise in the individual phases. As a
result, the total acquisition time of the 4D-PET scan has to be long-
er than that of conventional (non-4D) scans in order to collect en-
ough counts to balance statistical noise and motion compensation
in each image phase. 4D-PET studies should be performed in 3D list
mode, to take full advantage of the higher sensitivity of the 3D
acquisition mode as well as of the retrospective data post-process-
ing protocols flexibility. The suggested number of phases is six, as
this represents a good compromise between statistical noise and
motion compensation [20,32,43–45]. The acquisition time for an
RG 4D-PET (per single FOV) can be estimated as the product of
the time per bed position, in a conventional PET scan, and the
established number of phases. In a 4D PET/CT study, the number
of 4D CT and 4D PET phases has to be the same.

Noise control in 4D-PET is also important to allow quantitative or
semi-quantitative (SUV) assessment of radioactivity concentration.
RG 4D-PET/CT: clinical indications

A general recommendation for the use of clinical RG 4D-PET/CT
is the appropriate selection of patients to be referred for such pro-
cedure. A regular breathing pattern and a good patient collabora-
tion are essential components for a valuable achievement of the
whole procedure. These aspects are particularly relevant when
RG 4D-PET/CT is performed to plan radiotherapy treatment. In fact,
the patient’s breathing pattern during RG 4D-PET/CT is supposed to
be the same as during RT treatment, thus providing target volume
definition accurately representative of organ and lesion motion.
The rationale for the clinical use of the RG 4D-PET/CT technique re-
lies on its capability to: (i) improve image quality in terms of le-
sion/background contrast; (ii) improve quantification accuracy in
the estimation of the radiotracer uptake, and (iii) assess and mea-
sure organ/lesion motion. RG 4D-PET/CT provides useful informa-
tion primarily in all those clinical situations where a high
mobility of the target due to respiration is expected (thorax and
in the upper abdomen regions). Furthermore, RG 4D-PET/CT may
also be useful in those conditions where the target presents low
mobility. In such cases, the use of RG 4D-PET/CT provides an objec-
tive measure of the low motion, allowing a reduction of internal
target motion margins.

The following clinical indications can be envisaged:
Tumor tissue characterization

RG 4D-PET/CT techniques are particularly useful when small le-
sions located in regions affected by respiratory movements are un-
der evaluation, both in the staging and the re-staging phases. In
fact, as a result of the improved image quality (better lesion/back-
ground contrast), motion-free images obtained by the RG 4D-PET/
CT technique provide a higher clinical confidence in the assess-
ment and characterization of the lesion.
Response to therapy and follow-up

Taking advantage of the more accurate quantification of the tra-
cer uptake, RG 4D-PET/CT techniques could be suggested in evalu-
ating the response to treatment and in monitoring oncological
patients during follow-up, by a comparative quantification of the
metabolic activity of the lesion, usually performed by means of
SUV changes.
Target definition in radiation therapy planning

The true assessment of the target movements, as provided
by RG 4D-PET/CT techniques, allows the personalization of
the target volume definition, particularly with respect to its
motion characteristics. The potential reduction of the final
planning target volume (PTV) may allow an increased dose
delivery to the target and better sparing of the surrounding
healthy tissues [35,46–49]. Clinical indications are summarized
in Table 1.

In conventional radiation therapy planning, the gross tumor
volume (GTV) drawn on CT images is expanded to clinical target
volume (CTV) to account for the possible presence of sub-clinical
disease around the lesion, then to internal target volume (ITV) to
account for the possible movement of the lesion during treatment
(in particular, due to patient’s respiration), and finally to the PTV
to also account for errors in the set-up of the patient. The expan-
sion margins are in general standardized depending on the type
and position of the tumor. When metabolic PET information are
available, the biological target volume (BTV) drawn on the PET
images is combined to GTV for better characterization of the
lesion and the resulting target volume is expanded as previously
described [47] .

When 4D-PET/CT images are used for TVD and RT treatment
planning, the following procedure to define PTV is suggested:

– sum of the 4D-PET phases to generate a single PET dataset;
– draw the BTV over the resulting high statistics PET images, tak-

ing advantage of the low statistical noise for an accurate defini-
tion of the edges of the tumor. Being derived from the sum of
the phases, the BTV also represents the volume of space encom-
passing the metabolic active part of the tumor, accounting for
its motion during respiration (ITVBTV);

– draw GTV on individual CT phases;
– expand GTV to CTV for every phase (only for primary cancer);
– the convolution (Boolean union) of the resulting CTVs defines

the ITVCTV;
– ITVBTV and ITVCTV can then be combined (Boolean union) to

obtain the ‘‘anatomical/functional” ITV;
– finally, expansions for set-up margins are added to ITV, to gen-

erate PTV4D.



Fig. 1. describes the main steps of the procedure and shows how PTV4D, which accounts for personalized motion information, is smaller than standard PTV, obtained by
conventional planning expansions.
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Fig. 1 describes the main steps of the procedure and shows how
PTV4D, which accounts for personalized motion information, is
smaller than standard PTV, obtained by conventional planning
expansions.

Conclusions

RG 4D-PET/CT seems to be a valuable tool in improving diagnos-
tic performance of PET/CT and better defining the target volume for
radiation therapy. However, its real benefit in routine clinical set-
ting and its possible impact on patient management have not been
established yet. In order to bring this technique into the normal
workflow of a diagnostic imaging department, simple procedures
for scanner setting, fast acquisition protocols and powerful recon-
struction-processing algorithms are needed.

Today, technical improvements and optimization of the acquisi-
tion and processing protocols are making the routine clinical use of
the RG 4D-PET/CT technique possible, with minimal increase in
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time and in patient radiation dose, compared to conventional (non-
4D) PET/CT studies.

It is likely that in the near future, a whole body PET/CT protocol
that includes RG 4D-PET/CT will be recommended for routine clin-
ical application in oncological studies, as well as in radiation ther-
apy applications, according to specific clinical indications, as
envisaged in this document.

With respect to radiation therapy, the objective measure and
compensation of the movements of the target will provide a pa-
tient-specific ITV definition which may reduce the internal margins
and hence the overall PTV. This approach may result in a more
effective RT treatment with less side effects.
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Positron emission tomography (PET) provides molecular information about the tumor microenvironment
in addition to anatomical imaging. Hence, it seems to be highly beneficial to integrate PET data into radio-
therapy (RT) treatment planning. Functional PET images can be used in RT planning following different
strategies, with different orders of complexity. In a first instance, PET imaging data can be used for better
target volume delineation. A second strategy, dose painting by contours (DPBC), consists of creating an
additional PET-based target volume which will then be treated with a higher dose level. In contrast, dose
painting by numbers (DPBN) aims for a locally varying dose prescription according to the variation of the
PET signal. For both dose painting approaches, isotoxicity planning strategies should be applied in order
not to compromise organs at risk compared to conventional modern RT treatment.

In terms of physical dose painting treatment planning, several factors that may introduce limitations
and uncertainties are of major importance. These are the PET voxel size, uncertainties due to image acqui-
sition and reconstruction, a reproducible image registration, inherent biological uncertainties due to bio-
logical and chemical tracer characteristics, accurate dose calculation algorithms and radiation delivery
techniques able to apply highly modulated dose distributions. Further research is necessary in order to
investigate these factors and their influence on dose painting treatment planning and delivery thor-
oughly.

To date, dose painting remains a theoretical concept which needs further validation. Nevertheless,
molecular imaging has the potential to significantly improve target volume delineation and might also
serve as a basis for treatment alteration in the future.
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear
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In the last decade radiation therapy (RT) has gone through a
technological innovation. Advanced techniques such as conven-
tional and helical intensity modulated radiation therapy (IMRT),
and proton/ion therapy, allow highly conformal dose distributions.
Combined with IGRT, they significantly improve the accuracy of
radiation dose delivery. Furthermore, IMRT brings the opportunity
to voluntarily deliver heterogeneous dose prescriptions within the
target or to multiple targets. Adaptive radiation therapy (ART) was
initially defined as ‘‘the explicit inclusion of the temporal changes
in anatomy during the imaging, planning, and delivery of RT” [1],
but this concept could easily be extended to the integration of tem-
poral modifications of the tumor biology occurring during fraction-
ated radiotherapy. The identification of such biological changes
might help in adjusting radiation intensity or fields and/or altering
the RT regimen, at the time when further treatment optimizations
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are still possible. This raises the question how to guide the optimal
dose distribution. In this regard it was suggested that functional
positron emission tomography (PET) imaging might be of addi-
tional value. Together with anatomical computed tomography
(CT) and magnetic resonance imaging (MRI), PET offers valuable
data for tumor and sensitive structures [2].

Integrating molecular imaging information as obtained from
PET into RT treatment planning might be highly beneficial for the
patient in terms of improved target volume definition and charac-
terization [3–10].

For clinical PET imaging, most often the tracer [18F]Fluorodeoxy-
glucose (FDG) is used which allows to examine tumor metabolism
[11–14]. For individual RT adaptation other specific PET biomarkers
such as tracers for tumor hypoxia and proliferation might be of
interest [15–21]. Tumor hypoxia can be visualized using different
PET tracers such as [18F]Fluoromisonidazole (FMISO) [16], [18F]Flu-
oroazomycin (FAZA) [15] and Cu-ATSM [17]. In contrast, tumor
proliferation can be imaged with [18F]Fluorothymidine (FLT) [22].

Molecular imaging can be used in radiotherapy treatment plan-
ning (RTP) with different intentions and levels of complexity:
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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(1) PET may be used as any other anatomic imaging modality to
define a gross target volume (GTV) which has to be identi-
fied using a proper segmentation algorithm [11,23]. This
PET-based volume will modify the GTV delineated on CT if
an abnormal uptake is found outside that volume. A poten-
tial impact of PET is an increased size of the high dose plan-
ning target volume (PTV) mainly from additional inclusion
of metastatic lymph nodes missed on CT or the reduction
of the low-dose PTV due to the exclusion of negative lymph
nodes [24,25]. In addition to target selection, additional PET
data can also have a high impact on target volume delinea-
tion, by either increasing or decreasing the size of the pri-
mary GTV [12–14].

(2) The PET signal might also be used to define a subvolume in a
CT-derived GTV [26]. In this case the aim of biological
image-guided radiotherapy is to modify the dose to particu-
lar regions identified by functional imaging, also referred to
as dose painting by contours (DPBC). Since the target dose is
often restricted by surrounding organs at risk (OAR), the idea
is to enhance the tumor control rate by increasing the pre-
scribed dose only to the functional subvolume within the
tumor as these regions are considered to be more radioresis-
tant than the rest of the tumor. DPBC can be realized either
by giving a simple dose boost to the functional volume dur-
ing the whole treatment or only to certain fractions or by
redistributing the integral dose according to this functional
information.

(3) Furthermore, the functional PET image might be used to
gradually shape the dose according to the voxel intensities
[27–30]. This concept, dose painting by numbers (DPBN), is
currently investigated by a number of academic centers. To
date DPBN remains a theoretical concept.

PET/CT-based radiotherapy planning has been extensively stud-
ied during the last years. Cases are reported in which FDG PET [27],
FMISO PET [17] or FAZA PET [15] imaging have been used for guid-
ing therapy and for hypoxia-directed IMRT. Several authors have
shown the theoretical feasibility of a dose escalation to the PET-
based hypoxic GTV which might improve the loco-regional control
without exceeding the normal tissue tolerance [16,18,19,31–34].
The only clinical dose painting trial so far has been reported by
Madani et al. [33]. The trial has demonstrated the feasibility of
FDG PET imaging for focused dose escalation.

However, PET imaging has some important drawbacks. One of
the main limitations for biological image-guided radiotherapy is
the limited spatial resolution of 5–7 mm and the related partial
volume effects [35,36]. This results in an underestimation of activ-
ity and an overestimation of the size of small objects. This effect
becomes even more important when PET is used for dose painting
in subvolumes of the tumor as these are likely to have small diam-
eters of only a few millimeters. One possible solution which has
been proposed recently is to apply a recovery technique during im-
age reconstruction [37,38]. In addition to the limited inherent res-
olution of PET, the reconstruction algorithms introduce signal
noise. Hence an accurate definition of the geometric tumor exten-
sion is very difficult. Different segmentation methods have been
suggested [11,23] to find a standardized delineation method but
the issue is still under investigation and needs more validation
studies.

Recently, a few studies were published where the temporal and
spatial stability of PET signals before the start of RT were investi-
gated from multiple examinations [20,39,40]. For a potential clini-
cal realization of dose painting in the future, spatial and temporal
stability of PET images are major requirements. Even with the ad-
vent of PET/CT, image registration is not an outdate problem. It is
necessary to take into account that the acquisition times for PET
and CT are different, which can lead to misregistration effects
caused by patient movement or breathing motion. In some institu-
tions, the CT used for treatment planning is acquired separately
from the PET/CT which requires subsequent image registration.
In that case, in order to guarantee the reproducibility of patient
positioning, laser localization, positioning aids such as masks and
vacuum pillows, and a flat tabletop are necessary.
Dose painting strategies

Dose painting by contours

A first concept of integrating functional image information into
treatment planning has been proposed in 2000 by Ling et al. [26].
According to this strategy, a functional PET image acquired before
the start of therapy is used to delineate an additional sub-region of
the PTV which shows the respective functional characteristics. This
functional part of the target volume may be defined as the meta-
bolically active volume in the GTV as assessed by an FDG PET scan
[28,41] or the hypoxic fraction of the tumor imaged with dedicated
hypoxia PET tracers such as FMISO [20], FAZA [15] and Cu-ATSM
[21]. Dose painting by contours (DPBC) consists of applying a
higher, homogeneous dose to the functional part of the PTV. The
rationale for this strategy is to overcome the specific local radio-
resistance induced by the functional abnormality as assessed from
the PET data. A major requirement for the definition of a functional
PTV is the temporal and spatial stability of the respective PET
images [20].

DPBC can either be realized by prescribing additional dose to
the functional parts of the PTV [21] or by dose redistribution which
basically means to escalate the dose to a sub-region of the PTV
while keeping the mean dose to the whole PTV constant [42]. In
general, treatment application and also planning for DPBC can be
realized using the simultaneous integrated boost (SIB) technique.
Cautious decisions have to be taken considering the question of a
safety margin around the functional subvolumes. In addition, the
resulting dose distribution (DD) will present with steep dose gradi-
ents. Those finite gradient regions should be carefully placed with-
in the PTV during the planning process. One possible strategy
would be a combination of positioning errors and location of the
dose gradient. In other words, placing the dose gradient outside
the PET-based functional target volume may have synergistic ef-
fects considering the eventual patient motion during RT.

Figure 1 shows an example of an HNC patient where FDG PET/
CT was used in order to delineate the PTV of first order (PTV66). In
this case, three different GTV areas were identified: the central pri-
mary tumor mass (GTV66C), a lymph node on the right (GTV66R) as
well as on the left side (GTV66L). Each of those volumes was delin-
eated automatically with three different techniques, a 40% isocon-
tour technique (GTV6640%), a 50% isocontour (GTV6650%), and a
signal-to-background-based algorithm (GTV66SB). The respective
PTVs were generated by extending the clinical target volume
(CTV) by 3 mm, whereas the CTV resulted from a 5 mm extension
of the GTV. The treatment plan has been optimized for the volumes
drawn with a 50% PET signal intensity threshold (PTV66R50%,
PTV66L50%, PTV66C50%, PTV6050%). The planning system Eclipse vs.
8.1 was used for radiation treatment planning with the pencil
beam (PB) dose engine. The resulting dose distribution (DD) as
shown in Figure 1 was then evaluated for the three different sets
of PET-based PTVs by comparing the corresponding dose volume
histograms (DVHs). Table 1 summarizes the DVH statistics as well
as the different volume sizes in detail. It was observed that the
level of dose coverage did not vary significantly for all the three
delineation techniques. The results suggest that the choice of em-
ployed threshold value is not so crucial for small volumes, which
may be different for larger PET-based target volumes.



Fig. 1. Example of an HNC patient where GTVs were delineated on the basis of an [18F]-FDG PET/CT scan using different techniques. The figure shows the DD resulting from a
plan optimization using the GTVs contoured with the 50% isocontour technique.

Table 1
Dose–volume histogram (DVH) details and volumes of the PTVs automatically
delineated with different techniques corresponding to the example case presented in
Fig. 1.

Vol [cc] D95% V100% (%) Dmin Dmax Dmean

PTV66R_50% 6.2 66.0 95 63.3 67.7 66.7
PTV66R_40% 7.9 65.0 77 63.0 67.7 66.5
PTV66R_SB 8.4 65.0 77 62.8 67.7 66.4
PTV66L_50% 6.8 66.4 99 65.4 68.5 67.4
PTV66L_40% 8.6 65.4 90 62.9 68.5 67
PTV66L_SB 8.6 65.4 90 62.9 68.5 67
PTV66C_50% 23.9 66.8 99 62.5 71.8 67.9
PTV66C_40% 34.0 64.8 85 55.7 71.8 67.3
PTV66C_SB 37.9 63.7 76 54.2 71.8 66.9
PTV6050% 270.8 61 99 52.7 68.8 63.3
PTV6040% 258.7 61 99 52.7 68.5 63.2
PTV60SB 258.7 61 99 52.7 68.5 63.2
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Especially in cases where the target volumes are located close to
tissue inhomogeneities, as for example in the lung region, the dose
calculation algorithms used during the planning process have to be
chosen carefully as they may influence clinical results. Published
data show that the accuracy of dose calculation depends strongly
on the performance of the calculation algorithm used [43]. More-
over, the treatment technique which is available for irradiation
has a major influence on the dose gradients and hence the dose
painting DD. Two recent planning studies compared the potential
of IMRT, helical tomotherapy (HTT) and intensity modulated pro-
ton therapy (IMPT) for dose painting [44,45]. In both studies, it
was found that proton therapy is able to deliver highly irregular
DDs with steep gradients while sparing the OARs to a higher level
than IMRT and HTT. Nevertheless, compared to the biological and
also the geometrical uncertainties, the potential of IMRT and HTT
for dose painting is comparable to that of IMPT. Moreover, modern
IMRT equipments such as small multi-leaf-collimators (MLCs) in
combination with dynamic sequencing techniques (dMLC) are able
to fulfill the specific criteria of dose painting in terms of steep gra-
dients and highly modulated doses.

Nevertheless, to date most dose painting prescriptions are cho-
sen arbitrarily, no recommendations for the level of dose escalation
have been published yet. Only a few centers report on clinical dose
painting studies [33], whereas most groups published only theo-
retical planning studies [15,18,19,21,41]. Hence, DPBC is techni-
cally feasible but the clinical benefit of this technique has still to
be proven by clinical trials.

For a clinical use of dose painting, isotoxicity planning
approaches are very important in order to compare the treatment
plans to conventional IMRT plans and also to evaluate the risks for
the OARs. Figure 2 shows an example of a DPBC IMRT plan where
the FDG-based volume was prescribed 110% of the regular PTV
dose, i.e. 77 Gy to the metabolically active volume instead of
70 Gy to the PTV of first order (PTV70). In comparison, a conven-
tional IMRT plan is shown for the same case. For both plans, the
DD as well as the dose volume histogram (DVH) is presented in
Fig. 2. OARs are not compromised when escalating the dose to this
level.
Dose painting by numbers

In contrast to the previously discussed DPBC strategy, Alber
et al. [28] and Bentzen [29] proposed a much more sophisticated
concept of DPBN. While DPBC uses only binary information de-
rived from the PET image, i.e. a contour that has been delineated
using a dedicated segmentation method [11,23], DPBN intends to
deliver spatially varying doses according to the specific functional
characteristics of the tumor. This can be realized by shaping the
dose according to either the local voxel intensity values of the
PET image or a functional map, which has been derived from
the PET data by applying a mathematical prescription function
[46] (Table 2).

To date, several groups have demonstrated the theoretical fea-
sibility of DPBN by extensive planning studies [30,41,47,48],
whereas a clinical realization of this concept has not yet been
reported which is due to huge technical and also clinical require-
ments. Most of the planning studies used arbitrary dose levels,
which seems to be crucial for a potential clinical use of DPBN.

DPBN intends to assign inhomogeneous doses to the PTV. As a
consequence, homogeneous dose coverage of the PTV is no longer
a quality criterion for a treatment plan. New tools for plan quality
evaluation are necessary. In this context, Alber et al. [28] have pro-
posed to use the effective dose volume histogram (eDVH). These
eDVHs are cumulative histograms – similar to regular DVHs –
and show the fractional tumor volume which receives at least a
certain percentage of the prescribed dose. Such DVH transforma-
tion allows for an objective evaluation of the target coverage in
the case of inhomogeneous prescriptions.

Figure 3 shows an example of a DPBN treatment plan for an
HNC patient based on dynamic FMISO PET [41].
Limitations and uncertainties

For dose painting treatment planning in general, a number of
different factors in terms of errors and uncertainties will have a



Fig. 2. Conventional HNC IMRT plan in comparison to a DPBC IMRT plan with a 10% dose escalation to the FDG-PET avid volume under isotoxicity conditions. These treatment
plans were created with the planning system Hyperion in a realistic treatment setting for an Elekta Synergy S with sliding window delivery technique (dMLC). (A) DD
conventional IMRT plan and (B) corresponding DVH. (C) DD DPBC IMRT plan, (D) DVH DPBC plan. Volumes of interest (VOIs): FDG PET-avid VOI, PTV70, brainstem (green, not
visible on this slice), spinal cord (magenta) and brain (black, not visible on this slice).

320 RT treatment planning based on PET/CT
major influence on the quality and also the realizability of treat-
ment planning and delivery.

The very limited resolution of the PET image of approximately
5–7 mm is crucial for dose painting [49]. For objects smaller than
the resolution limit of the PET system, there will be a reduction
of the detected PET signal intensity due to partial volume effects.
As a consequence, the true activity of a small tumor lesion will
be underestimated and at the same time its size will be overesti-
mated. Further uncertainties can be introduced into the PET signal
already at the time of image acquisition and reconstruction [50].
Here, standardized protocols which have to be chosen very care-
fully are of major importance for the overall image quality. Conse-
quentially, non-protocol compliance in terms of tracer injection,
image acquisition, data reconstruction and also data transfer and
manipulation can be sources of errors and uncertainties when
using those PET images for potential dose painting.

Furthermore, there are inherent biological uncertainties related
to the tracer used for PET imaging. Currently, the most commonly
used PET tracer is the metabolic biomarker FDG, nevertheless, also
other tracers such the hypoxia biomarkers FMISO and FAZA, or the
proliferation marker FLT, might be used for dose painting (see also
[51]). In this context, also tracer pharmacokinetics is an important
issue to be considered. For tracers where active transport mecha-
nisms in the tissue exist, such as FDG and receptor binding tracers,
the PET signal will be stable after a certain time and presents with
a high signal-to-background ratio (SBR). In contrast, hypoxia trac-
ers are not subject to active transport. Here, the distribution in the
tissue is purely diffusive. Due to the resulting low SBRs, delineation
of functional areas is very difficult which requires imaging time
points several hours after injection. Dynamic imaging may be a
method to study the tissue characteristics of such tracers in more
detail, but then kinetic modeling to evaluate the data is necessary
which may also be quite error prone [52]. Additionally, patient mo-
tion is an inherent problem in PET imaging as the duration of data
acquisition is in general in the order of 15–30 min.

Also the dose calculation algorithm used for treatment planning
is an important factor for the quality of the treatment plan as well
as the treatment modality available for radiation delivery.

Uncertainties related to the above-mentioned problems are the
limiting factors for all kinds of dose painting approaches. It is a
whole chain of factors being important for the quality of the treat-
ment plan which is always as weak as the weakest point. This
means that improvements for only one of those factors, e.g. the
PET resolution, will not noticeably affect the planning result when



Table 2
Guidelines for kick reading. Short summary of the most important points of these
guidelines.

Important factors for treatment planning

PET-based GTV
delineation

� PET image quality and reconstruction
� Image registration

DPBC � PET image quality and reconstruction
� Image registration
� Automatic algorithm for delineation of the PET-based

region which will be prescribed for higher doses
� Dose escalation or redistribution?
� Level of dose escalation?
� Isotoxicity planning approach!
� Accurate dose calculation algorithm (Monte Carlo)
� High precision delivery technique (Small MLC,

Tomotherapy, Protons)
� Daily on-board position verification

DPBN � PET image quality and reconstruction
� Quantification of PET necessary
� Temporal and spatial stability of PET image data
� Image registration!
� Calibration of prescription function to outcome data
� Dose escalation or redistribution?
� Isotoxicity planning approach!
� Accurate dose calculation algorithm (Monte Carlo)
� New tool for evaluation of treatment plans: eDVH
� High precision delivery technique (Small MLC,

Tomotherapy, Protons)
� Daily on-board position verification
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the physical dose gradients which depend mostly on the ability of
the treatment machine to apply small treatment fields remain un-
changed. Moreover, as the size of the calculation grid used for
Fig. 3. DPBN IMRT plan for a larynx cancer patient with hypoxic lymph node. (A) DPBN
overlaid to the planning CT. (B) Corresponding DVH and (C) eDVH, evaluating the plann
treatment planning defines the ‘resolution’ of the dose matrix,
small voxels have to be used when integrating high-resolution
functional images into planning.

When aiming for DPBC based on PET imaging, the delineation
method which is used for contouring is crucial. Here, different
methods of varying complexity are described and discussed in
the literature [11,23], which have to be chosen carefully depending
on the tracer used, the examined tumor site and several other fac-
tors which are in more detail discussed in [50].

Especially for DPBN, but also for DPBC, a reliable quantification
of PET images is necessary to extract the relevant tissue properties,
such as metabolism, clonogenic cell density, hypoxia, proliferation
and vascularization, from the respective PET data. It may even be
necessary to acquire a multiparametric set of functional image data
in order to derive a more detailed picture of the underlying tumor
tissue properties. Multiparametric imaging can either be achieved
by combination of different functional imaging modalities, i.e. PET
and magnetic resonance imaging (MRI) [53], or by a dynamic PET
acquisition which allows to determine a set of different tissue
parameters [54]. A further requirement for the use of functional
image data for DPBN is a direct relation of the functional tissue
parameters to therapy outcome. Several studies could show that
tumor hypoxia as assessed from FMISO PET scans has a prognostic
value for radiation therapy outcome [55–57]. Also for the prolifer-
ation data imaged with FLT PET first studies could show a positive
correlation of PET data and clinical outcome [58,59]. Only when a
positive correlation between quantitative PET parameters and
therapy outcome is established, a functional relationship of local
tumor control and functional tissue characteristics can be derived
[30,60]. This TCP function represents the mathematical prescrip-
IMRT DD. The dose escalation map derived from a dynamic [18F]FMISO PET scan is
ed dose as a function of the prescribed dose, for the PTV70.
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tion function that associates a certain radiation dose to a precisely
defined voxel intensity in the functional image [46].

As a consequence, the prescription function used to translate
PET signal intensities into local dose prescriptions meant to com-
pensate for differences in radiation resistance is also subjected to
uncertainties. Strategies on how to handle these uncertainties
and potential resulting errors in the treatment plan still have to
be investigated in the future.

Finally, temporal and spatial stability of the PET data before and
also throughout the treatment course are of major importance for
dose painting in general. Both dose painting approaches, DPBC and
DPBN, may apply extremely high doses to small sub-regions of the
tumor. Hence, patient movement or temporal instabilities of the
PET images are crucial [20,39]. As these questions have not been
answered yet, dose painting is to be applied only in clinical trials
before it can be introduced into clinical practice.

Recommendations

As prerequisites for the integration of functional PET/CT images
into RTP, different technical aspects concerning patient position-
ing, image acquisition, image fusion, dose calculation, and also
available treatment techniques have to be considered. These tech-
nical requirements have to be carefully reviewed, independent of
the integration level of the PET data – either for a more reliable
delineation of the PTV or as a basis for DPBC or DPBN.

If the PET/CT data exist as image information in addition to a
dedicated planning CT, a reproducible way of image fusion in the
treatment planning system (TPS) has to be guaranteed [61]. Most
commercially available TPS does not allow for deformable registra-
tion and, moreover, the standard patient positioning for routine
diagnostic PET/CT examinations is different from radiotherapy
patient positioning. Hence, it is recommended to acquire PET/CT
data that will be used as a basis for RTP in treatment position
[62]. This very sensitive aspect of image registration could be
avoided by using PET/CT directly for simulation.

Moreover, the PET images which are used for RTP purposes have
to be of high quality. Hence, image acquisition procedures [49] as
well as reconstruction algorithms and post-filtering techniques
[50] used have to follow pre-defined protocols in order to guaran-
tee high levels of reproducibility.

Especially when aiming for a dose escalation in eventually very
small volumes which may be located near tissue inhomogeneities,
the performance of the dose calculation algorithm is of major
importance. Recent studies showed that the choice of the dose cal-
culation method may influence clinical results [43]. Hence, for dose
painting treatment planning high accuracy of the dose engine is re-
quired, which can only be guaranteed by a Monte Carlo-based dose
calculation.

For a clinical realization of PET-based dose painting, treatment
techniques which are able to generate small radiation fields are
necessary in order to achieve high dose gradients. State of the
art RT treatment equipments such as small multi-leaf collimators
used in combination with dynamic delivery techniques and inten-
sity modulated proton therapy (IMPT) constitute the technical
basis for a clinical use of sophisticated dose painting strategies
[44,45].

Finally, high-quality position verification is needed when treat-
ing patients with PET-based dose escalation concepts. As high
doses may be delivered to small regions with functional abnormal-
ity, geometrical accuracy of the RT treatment has to be assessed
carefully using daily on-board imaging techniques.

To date, the use of FDG PET in order to delineate the GTV most
accurately is the standard of care only in a few indications. Neither
DPBC to functional subvolumes of the PTV nor DPBN is clinically
established yet. For both DPBC and DPBN, so far only theoretical
feasibility could be shown. For a clinical application, there is not
enough evidence yet. Geometrical, biological, and imaging uncer-
tainties are still too high.

Future research issues

The practical integration of molecular imaging into RT treat-
ment planning is subjected to a large number of limitations and
uncertainties. Most of the factors mentioned above and their con-
sequences for practical dose painting have to be investigated in the
near future.

Further studies are necessary in order to assess the levels of
dose escalation needed for both DPBC and DPBN. To date, most
planning studies used arbitrary dose prescriptions. On the one
hand side, the dose load of the OARs is a limiting factor for the
applicable dose escalation level whereas the dose levels necessary
to reach higher tumor control rates can only be addressed by clin-
ical studies.

Methodologies for a clinical applicability of DPBN strategies
have to be developed in the near future. The robustness of DPBN
plans with reference to errors in the PET image, image registration,
treatment planning and also positioning during treatment has to
be investigated. Moreover, when tracers beyond FDG are used to
map functional characteristics of the tumor, the temporal and spa-
tial behaviors of those agents before and during the course of
radiotherapy treatment have to be studied before using them as
a basis for dose painting [20,39]. In addition, quantification of
PET data is a very important and promising issue in the context
of DPBN. Without a reliable quantification of functional tissue
parameters, DPBN is not possible.

In terms of individual adaptation of the radiation dose to func-
tional tissue properties such as hypoxia and proliferation, correla-
tion studies have to be carried out in order to assess the potential
geographical correlation between local PET image parameters and
individual therapy failure [63–66]. Only a complete analysis of the
patterns of failure with regard to the respective biological imaging
technique can verify or falsify the basic hypothesis of dose paint-
ing, which is an increase in TCP by higher levels of dose in regions
with higher levels of radiation resistance induced by functional tis-
sue abnormalities.

As the technical feasibility of dose painting could be shown by
several investigators [15,20,25,40,41], the challenge is now to de-
sign clinical studies in order to prove the impact of dose painting
treatments on individual therapy success.

In the next years, challenging new tracers may become avail-
able to image a variety of different tissue properties such as
hypoxia, proliferation, vascularization, apoptosis and even EGFR/
VEGF-expression with clinical PET/CT machines. In terms of phys-
ical treatment planning, it may be beneficial to use functional PET
imaging not only for better tumor control purposes but also to as-
sess functional characteristics or loss of function of certain OARs as
an input for a more realistic, biological treatment planning.

Conclusion

Individual adaptation of RT based on functional PET imaging is
possible and highly promising. So far, only the theoretical feasibil-
ity of DPBC and DPBN could be shown.

Biological ART offers new opportunities to modify in depth the
way in which the treatment plan is designed and the dose is deliv-
ered, in better accordance with the radiobiology of solid cancers.
Although very promising, several issues have still to be addressed
in well-designed studies, and additional efforts should be paid at
the development of more sensitive and specific tracers, tracer
quantification, accurate segmentation tools, and at the improve-
ment of PET image quality.
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AA-PET (MET-PET and FET-PET) can be used for gross tumour volume (GTV) delineation in brain gliomas
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and residual/recurrent tumour. There are some data showing that MET-PET and (DOTATOC)-PET can be
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In brain tumours, treatment planning and the evaluation of lo-
cal response to therapy are usually based on magnetic resonance
imaging (MRI) and computed tomography (CT). Although these
investigations show the anatomy of the brain with high accuracy,
contrast enhancement or hyperintensity on T2- or flair-MRI are
not tumour specific. Tumour tissue can also be located in the areas
with iso-intense appearance. Moreover, after surgery, radiation,
chemotherapy etc. treatment-related changes, such as blood–
brain-barrier (BBB) disturbance or edema, in general cannot be dif-
ferentiated from viable tumour tissue.

New concepts such as pseudo-progression or pseudo-remission
were introduced for brain gliomas, underscoring the fact that con-
ventional MRI is insufficient for the visualization of tumour tissue
after therapy [1]. New MRI methods such as diffusion and perfu-
sion MRI are promising; however, histopathological data validating
the sensitivity and specificity are scarce. Hence, routine integration
of diffusion or perfusion MRI in radiation treatment planning is
premature. MRI spectroscopy has a long tradition but, unfortu-
nately, the method remains relatively laborious and has a low res-
olution. Therefore, there is an urgent need for new imaging
approaches to increase accuracy in tumour delineation for high
precision radiotherapy.

Imaging the biological and molecular characteristics of tumour
tissue by positron emission tomography (PET) is an interesting ap-
proach to improve treatment planning for high precision radio-
therapy. In the first part of this chapter we will discuss the role
of amino acid (AA)-PET for gross tumour volume (GTV) delineation
ciety for Therapeutic Radiology an

Radiation Oncology, Albert
urg 79106, Germany.
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in brain gliomas, metastases and benign cranial tumours such as
meningiomas and glomus tumours. In the second part, we will fo-
cus on tracers used to visualize biological properties of tumours
such as hypoxia, proliferation or expression of peptide/protein on
the cell membrane.

Gross tumour volume delineation: AA-PET

Brain gliomas

11C-labelled methionine (MET), 123I-labelled alpha-methyl-
tyrosine (IMT) and 18F-labelled O-(2) fluoroethyl-L-tyrosine
(FET) are the most important radio-labelled AA used in the diag-
nosis of brain tumours. These three tracers were shown to have a
very similar uptake intensity and distribution in brain tumours
[2–4]. Currently available AA-PET tracers are accumulated by L
and A amino acid transporters. Tumour cells take up radio-
labelled AA at a high rate, while there is only a relatively low
uptake in normal cerebral tissue. They are independent from
BBB disturbance.

The higher sensitivity and specificity of AA-PET in the diagnosis
of gliomas in comparison to CT and MRI was demonstrated in
many clinical trials. Summarizing the data from the literature
between 1983 and 2008, we identified, 45 trials including 1721
patients, which investigated the role of MET-PET in the diagnosis
of gliomas. Eleven studies including 706 patients were based on
PET/MRI/CT stereotactic biopsies. Between 2000 and 2008, 12 trials
including 361 patients evaluated the role of FET-PET in the diagno-
sis of brain gliomas. In three studies with 126 patients, the results
were based on PET/MRI/CT stereotactic biopsies. All these studies
have shown that the specificity of MET-PET and FET-PET for malig-
nant gliomas was significantly higher (85–95%) in comparison to
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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Table 1
Differentiation of radiation necrosis and tumour recurrence by amino acid PET or
SPECT.

Author N Technique Sensitivity (%) Specificity (%)

Rachinger 45 FET-PET
MRIa

94 (29/31)
97(30/31)

93 (13/14)
50 (7/14)

Tsuyuguch 21 MET-PET 78 (7/9) 100 (12/12)
Samnick 78 IMT-SPECT 94 (62/66) 100 (12/12)

a Contrast enhancement in T1-weighted images after administration of gadolin-
ium-DTPA [13].

Table 2
Accuracy of amino acid PET for brain tumour delineation in comparison with
histologic evaluation.

Author Na Technique Sensitivityb (%) Specificityb (%)

Braun 32 MET-PET 87 (26/30) 75 (3/4)
Pirotte 32 MET-PET 100 (61/61) 100 (9/9)
Kracht 30 MET-PET 87 (87/100) 89 (16/18)
Pauleit 31 FET-PET

MRId
93c

96
94c

53

a Number of patients.
b Based on analysed lesions or biopsies.
c Total of 52 samples, 26 positive for tumour tissue. Sensitivity and specificity

were calculated from fitted receiver operator characteristic (ROC) curve.
d Combined analysis of non-enhanced T1-weighted sequences, Gd-enhanced

sequences and FLAIR sequences [13].
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MRI, which has a high sensitivity but a lower specificity (ca. 50%)
(Tables 1 and 2).

The similarity between MET- and FET-PET for tumour visualiza-
tion was demonstrated in a few studies [2,3]. We investigated 42
patients with gliomas and metastases on the same day with
MET- and FET-PET. We found an almost identical sensitivity and
specificity of both tracers [4]. Furthermore, the intensity of tracer
uptake and the extension of gliomas with FET-PET were closely
correlated with the extension with MET-PET. Thus, these studies
indicate that the results of MET-PET can be extrapolated to FET-
PET.

The higher diagnostic accuracy of AA-PET is the rationale for
using this technique in target volume delineation of gliomas, since
AA-PET can also provide information regarding tumour extension
(Fig. 1). In a series of clinical studies, marked differences between
Fig. 1. Glioblastoma WHO IV two weeks after surgery. The contrast enhancement on T1-
surgery) or can be due to residual tumour in this region. T1-MRI alone can not differen
coregistration) shows a high tracer uptake in this area, typically for residual tumour. This
AA-PET or SPECT and MRI in GTV delineation for radiation treat-
ment planning have been demonstrated [5–9]. In 39 patients with
high-grade gliomas imaged postoperatively, tumour contrast
enhancement in MRI and MET uptake corresponded in only 13%
of the patients. On average 13 ml (33%) of the tumour volume de-
fined on MET-PET demonstrated no contrast enhancement on MRI
[9].

Lee et al. [10] have demonstrated that increased uptake on
MET-PET obtained before radiation therapy and temozolomide
was associated with the site of subsequent failure in newly diag-
nosed glioblastoma. Weber et al. [11] assessed the failure pattern
observed after FET planning after chemo- and radiotherapy for
high-grade glioma. The target mismatch-survival data suggested
that using FET-PET planning may counteract the possibility of bio-
logical target volume-related progression, which may have a detri-
mental effect on survival.

In a small study, patients with recurrent gliomas lived signifi-
cantly longer when AA-PET or single photon emission tomography
(AA-SPECT) were integrated in target volume delineation. Median
survival of patients who underwent AA-PET or -SPECT based radi-
ation treatment was 4.5 months longer than that of patients who
underwent CT/MRI based radiation treatment [12].

In contrast, FDG-PET for GTV delineation which was systemati-
cally analysed by Gross et al. [14] was shown to be of limited value.
In 18 patients with malignant brain gliomas, the tumour volume
defined by PET was compared with the tumour volume defined
by PET/MRI fusion images. Only in a few patients, additional infor-
mation was derived from FDG-PET for radiation treatment plan-
ning because of the low contrast between viable tumour and
normal brain tissue, although FDG uptake is regionally related to
anaplastic areas.
Other tumours

There are some data in the literature showing that AA-PET could
be of interest in the differentiation between recurrent tumours and
treatment-related changes in brain metastases treated with stereo-
tactic radiotherapy/radiosurgery [4].

In meningiomas, the GTV is routinely delineated using the con-
trast enhancement areas on CT and MRI, and bone windowing on
CT. Meningiomas can infiltrate the region of sella, cavernous sinus,
orbit, tentorium, falx cerebri and the dura mater. It may be difficult
to define tumour extension because contrast enhancement in
MRI with gadolinium (yellow row) can be treatment related (BBB disturbance after
tiate between treatment-related changes and residual tumour. MET-PET (MRI/PET
has consequences for the GTV delineation in radiation treatment planning process.
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normal tissues may be comparable to that of the tumour itself in
these regions. Using MET-PET/CT-fused images, meningioma
borders can be delineated more accurately with respect to normal
tissue [8,15,16]. The inter-observer variability in the GTV and PTV
definition can be significantly reduced [15]. Similar observations
were made using [68 Ga] -labelled DOTA (0)-D-Phe (1)-Tyr (3)-
Octreotide (DOTATOC)-PET [17,18]. Gluc-Lys[(18)F]-TOCA- or
DOTATOC-PET were also used in the GTV delineation for stereotac-
tic radiotherapy in glomus tumours [19].

Visualization of tumour biology: FLT-PET, FMISO-PET and
RGD-PET

Proliferation of tumour cells is the basic mechanism for malig-
nant growth. [18F]-Fluorine labelled thymidine analogue 30-
deoxy-30-[18F]-fluorothymidine (FLT) is retained in the cell after
phosphorylation by thymidine kinase 1, whose levels correlate with
cell proliferation. The kinetics of FLT uptake in malignant gliomas
correlates with cell proliferation measured by Ki-67 [20].

The first data showing that malignant gliomas have a different
level of oxygenation using FMISO-PET were published many years
ago [21]. However, the real impact of hypoxia imaging in the diag-
nosis and treatment of high-grade gliomas is unclear and still un-
der investigation.

The avb3 integrin is an important receptor for cell adhesion and
is involved in tumour-induced angiogenesis and metastasis. The
expression of avb3 integrin can be visualized with F18-labelled
RDG-containing glycopeptide, which binds to the avb3 receptor
[22]. avb3 integrin is blocked by cilengitide, a new drug under
investigation in the treatment of high-grade gliomas.

The intensity modulated radiotherapy (IMRT) combined with a
treatment plan based on biological imaging could be used for indi-
vidualised, i.e. customised radiation therapy. This approach has
been named dose painting. However, this new treatment approach
will generate a new set of problems and questions such as: What
are the dynamics of the visualized biological processes? How many
biological investigations are necessary during the treatment and
when? Which radiation treatment schedules have to be applied?
Prospective clinical trails and experimental studies should supply
the answer to these questions.
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The potential benefits of positron emission tomography (PET) imaging for the management of head and
neck tumours are increasingly being recognized. Integrated PET–CT has found its way into the practice of
radiation oncology providing both functional and anatomical tumour information for treatment planning
and the implications for clinical practice are currently being investigated. First, it has been demonstrated
that 18F-fluorodeoxyglucose (18FDG)-PET can improve the accuracy of gross tumour volume delineation
for radiation therapy planning. Next, PET using 18FDG or more specific tracers may facilitate dose esca-
lation to radioresistant tumour subvolumes. Finally, PET can provide tumour characterization prior to
and during radiotherapy, facilitating adaptive radiotherapy and other tailored treatment strategies.
Although these are promising prospects, unresolved issues remain and these applications are not yet
ready for introduction into routine clinical practice.
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear
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High-precision radiotherapy for head and neck tumours

Intensity-modulated radiation therapy (IMRT) revolutionized
radiation therapy in the 1990s. IMRT is based on the use of numer-
ous radiation beams with optimized non-uniform intensities
resulting from inverse treatment planning. The algorithm for beam
fluence calculations is guided by dose–volume objectives for the
target volume and organs at risk delineated by the radiation oncol-
ogist. IMRT can thus achieve much better conformity than conven-
tional radiotherapy techniques. In head and neck cancer, this
technique facilitates boosting of the primary tumour while reduc-
ing the dose to normal tissues, such as the salivary glands and
swallowing structures [1–3]. Due to the highly conformal dose dis-
tribution and steep dose gradients used in IMRT, knowledge about
the localization and boundaries of the primary tumour and of the
cervical lymph node metastases is of increasing importance. PET
provides biological tumour information complementary to ana-
tomical information obtained by computed tomography (CT) or
magnetic resonance imaging (MRI). PET may therefore facilitate
selection and delineation of the primary head and neck tumour
and lymph node metastases. Furthermore, PET provides a basis to
shape the radiation dose according to the tumour’s metabolic
activity and to adapt the treatment plan during irradiation.
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ology, PO Box 9101, 6500 HB
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18FDG-PET

Selection of radiotherapy target volumes

Imaging of the primary tumour
Numerous studies have assessed the value of 18F-fluorodeoxy-

glucose (18FDG) PET(-CT) for imaging of primary squamous cell
carcinomas of the head and neck and for undifferentiated nasopha-
ryngeal tumours. Summarizing the most recent and largest studies
on all tumour sites, an overall sensitivity of 93–100%, a specificity
of 90–100% and an accuracy of 94–98% have been reported [4–9].
However, as stand-alone PET has not been proven superior to con-
ventional imaging modalities (CT or MRI), it is currently not recom-
mended for routine diagnostic imaging of primary head and neck
cancer. With the wide introduction of combined PET–CT facilities,
these conclusions may need to be revised in the coming years
(Table 1).

Detection of the unknown primary tumour
Some patients present with an enlarged neck mass harbouring

metastatic squamous cell carcinoma of unknown origin. In most
cases, the standard work-up – thorough physical examination,
panendoscopy with blind biopsies and CT and/or MRI – reveals
the primary tumour. In some cases, however, the primary tumour
may be too small to be detected or it may escape notice due to an
inaccessible location. In this situation, 18FDG-PET detects the pri-
mary tumour in about 25% of the cases [10,11]. A therapeutic ben-
efit attributed to 18FDG-PET was observed in 25% of the patients
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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Table 1
Summary of available data on the use of PET–CT in radiotherapy planning.

Tumour site/
pathology/tracer

Target volume selection Target volume delineation Isodose distribution Adaptive
treatment

Patient outcome

HNSCC and 18FDG Limited (lymph nodes) or no use
(primary tumour) of 18FDG.
Potential benefit for unknown
primary tumour

Potentially interesting for
primary tumour GTV using
automatic segmentation.
Decision aid for lymph nodes

Preliminary study
indicating more
conformed 18FDG-
PET-based plans

Promising
preliminary
data. No
routine use yet

No prospective data
available comparing
CT-based and 18FDG-
PET-based plans

Undifferentiated NPC No use of 18FDG (primary tumour) No data available No data available No data
available

No data available

HNSCC and 18FMISO Three successful theoretical studies
on selection of subvolume

Three successful theoretical
studies on delineation of
subvolume

Theoretical study
indicating an
increased TCP with
same toxicity

No data
available

Prognostic and
predictive value shown
in small clinical studies

HNSCC and 18FLT Limited (primary tumour) and no
use (lymph nodes) of 18FLT

No data available One theoretical
planning study on
dose escalation to
18FLT subvolume

One study on
oropharyngeal
tumours

Results on prognostic
value awaited

HNSCC, head and neck squamous cell carcinoma; 18FDG, 18F-fluorodeoxyglucose; GTV, gross tumour volume; NPC, nasopharyngeal carcinoma; 18FMISO, 18F-fluoromisoni-
dazole; TCP, tumour control probability; 18FLT, 30-deoxy-30-18F-fluorothymidine.
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either because of identification of the primary tumour or detection
of previously unrecognized distant metastases. A multidisciplinary
expert panel therefore concluded that the use of 18FDG-PET is ben-
eficial if conventional imaging findings are negative in identifying
the primary tumour [12]. Positive PET findings should, if possible,
be confirmed by biopsy because of the risk of false-positive results.

Identification of cervical lymph node metastases
A meta-analysis recently summarized the available literature

on the use of 18FDG-PET for the assessment of the cervical lymph
node status in squamous cell carcinomas of the head and neck
[13]. Overall, the sensitivity and specificity of 18FDG-PET were
slightly higher compared to those of conventional imaging modal-
ities, but direct comparison revealed no statistically significant dif-
ferences. In studies exclusively enrolling patients without clinically
apparent cervical lymph node metastases, the sensitivity was only
50% and not better than conventional imaging methods, specifi-
cally ultrasound with fine needle cytology. The threshold for
detecting lymph nodes with a very low tumour burden is insuffi-
cient to allow identification of these nodes. Recently, a multi-cen-
tre study on 233 head and neck cancer patients prospectively
compared therapeutic decisions based on conventional work-up
(CT and MRI) with those additionally performing a whole-body
18FDG-PET scan [14]. Functional imaging resulted in up- or down-
staging of the lymph node status in 10% of patients (upstage in 16
patients and downstage in 7 patients). However, the detection on
metastatic or additional disease had a greater impact on patient
management.

There is limited information about the value of 18FDG-PET for
the identification of lymph node metastases in nasopharyngeal tu-
mours. Chang et al. performed a retrospective analysis on 95 naso-
pharyngeal cancer patients and found little discrepancy between
MRI and 18FDG-PET for neck node staging [15]. In patients with ad-
vanced nodal disease, 18FDG-PET may reveal distant metastases
missed by all other conventional imaging modalities.

In summary, for head and neck cancer, there is insufficient evi-
dence to support the routine clinical application of 18FDG-PET in
the pre-treatment identification of lymph node metastases. Thus,
ultrasound-guided fine needle aspiration cytology remains the
gold standard.
Delineation of radiation therapy target volume

Radiation target volume delineation is primarily based on
anatomical information. A thorough physical examination of the
head and neck is the basis for assessment of tumour extensions,
especially for superficially spreading mucosal tumours, and for
detection of metastatic cervical lymph nodes. CT- and MR-imaging
provide important complementary information depicting distorted
anatomy and regions of abnormal contrast enhancement. MRI
achieves a better soft-tissue contrast and is therefore the preferred
imaging modality for oral cavity and oropharyngeal carcinomas.

As discussed, the value of 18FDG-PET for staging of the primary
tumour and cervical lymph nodes is still controversial. However, in
the meantime the incorporation of 18FDG-PET data for radiation
treatment purposes is performed in an increasing number of
patients.

There are several potential advantages with the use of
18FDG-PET: reduction of inter-observer variability in gross tumour
volume (GTV) delineation, reduction of the size of the GTV,
identification of tumour extensions that were missed by CT or
MRI, and the possibility of identifying parts of the GTV potentially
requiring an additional radiation dose. Drawbacks in the use of
18FDG-PET are: the limited spatial resolution, the lack of a stan-
dardized method of signal segmentation, and false-positive
18FDG-PET readings caused by inflammation.

Primary tumour
A reduction of the inter-observer variability has frequently been

demonstrated when incorporating 18FDG-PET in GTV delineation of
non-small cell lung cancer [16,17]. Albeit less consistent, this was
also observed in head and neck cancer patients [18,19].

A reduction in the size of the GTV has been demonstrated in a
landmark study by Daisne et al. comparing the role of co-registered
CT, MRI and 18FDG-PET in GTV delineation of laryngeal cancer in
patients scheduled for laryngectomy [20]. 18FDG-PET was closest
to depict the true tumour volume when compared to the reference
surgical specimen. All modalities overestimated the extension of
the tumour, with an average of 29%, 65% and 89% for 18FDG-PET,
CT and MRI, respectively. However, all three imaging modalities,
including 18FDG-PET, failed to identify a small fraction of the mac-
roscopic tumour (approximately 10%), mainly superficial mucosal
extensions.

The GTV derived from 18FDG-PET is highly dependent on the
method of PET signal segmentation. Daisne et al. used a variable
threshold adaptive to the signal-to-background ratio [21]. Simple
visual interpretation generally yields larger volumes but is very
susceptible to the window-level settings of the images and is
highly operator dependent [19,22,23]. This is why more objective
methods such as isocontouring based on a chosen standardized up-
take value (SUV) were explored, e.g. of 2.5, or thresholds acquired
through phantom experiments such as a fixed threshold of the
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maximum tumour signal intensity (40% or 50%) or a variable
threshold adaptive to the signal-to-background ratio [18,21,24,25].

A recent study in 78 head and neck cancer patients compared
five commonly used methods of 18FDG-PET signal segmentation.
It showed that the volume and the shape of the resulting GTV were
influenced heavily by the choice of the segmentation tool [26]
Fig. 1. Planning CT scan (A), corresponding 18FDG-PET scan (B) and fusion image (C)
from a patient with a cT4N2cM0 oropharyngeal carcinoma show differences in
target volume definition. Indicated are gross tumor volume (GTV) delineated on CT
(GTVCT; red) and PET-based GTVs obtained by visual interpretation (GTVVIS; light
green), using a fixed threshold of 40% (GTV40%; yellow) and 50% (GTV50%; blue) of
the maximum signal intensity, applying an adaptive threshold based on the signal-
to-background ration (GTVSBR; dark green, largely covered by GTV50% in blue) and
applying an isocontour of a standardized uptake value (SUV) of 2.5 (GTVSUV;
orange). The respective volumes ranged from 15.1 cm3 (GTV50%) to 59.7 cm3

(GTVSUV).
(Fig. 1). All automated segmentation methods resulted in signifi-
cantly smaller GTVs than the GTVs based on clinical information
and CT, whereas visual interpretation of the PET signal yielded vol-
umes closer to those of CT-based GTV delineation [26] (Fig. 2). This
study also revealed that, depending on the segmentation tool used,
in a large proportion of the patients (29–64%) more than 20% of the
18FDG-PET-based GTV was located outside the GTV based on clin-
ical information and CT. This suggests that tumour could be iden-
tified by 18FDG-PET that was missed using the standard methods of
GTV delineation. However, in the absence of histologic validation it
remains unclear in what percentage of cases this might be caused
by peri-tumoral inflammation, resulting in a false-positive reading
of the 18FDG-PET signal.

In recent years, promising segmentation tools have been devel-
oped taking into account the underlying PET physics. Geets et al.
have published a gradient-based segmentation tool based on wa-
tershed transform and hierarchical cluster analysis [27]. van Dalen
and co-workers developed an iterative background-subtracted rel-
ative-threshold level (RTL) method [28]. Although both groups val-
idated their new tools, broader experience implementing these in
the research setting is compulsory.

Cervical lymph node metastases
In head and neck cancer, delineation studies incorporating

18FDG-PET have mostly concentrated on the primary tumour. CT-
based delineation of metastatic lymph nodes usually is less prone
to error due to better discrimination from the surrounding fatty
tissue. This can be more difficult in cases with large, matted nodes.
18FDG-PET might be helpful in these situations, although one
should be aware of the caveat of 18FDG-PET negative necrotic parts.
A recent publication by Schinagl et al. showed that the segmented
cervical lymph node volumes again depended on the segmentation
tool applied [29]. The potential value of 18FDG-PET may further be
in the decision-making whether marginally enlarged lymph nodes
should be included in the boost volume and to which dose levels
these nodes should be treated.

It can be concluded that 18FDG-PET can provide important com-
plementary information for radiotherapy planning in head and
neck cancer. The GTV may be reduced which can facilitate the spar-
ing of nearby normal structures and allow dose escalation to rela-
tively small boost volumes. Furthermore, 18FDG-PET may identify
Fig. 2. Mean absolute gross tumor volumes (GTV) obtained after segmentation of
the 18FDG-PET signal in 78 head and neck cancer patients using the various
methods described in Fig. 1. Error bars indicate SD of the mean. Reprinted from [26]
with permission.
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areas of tumour spread not recognized by anatomical imaging,
which can potentially improve the accuracy of GTV definition.
However, to address the clinical value of these concepts, additional
histologic validation studies and properly designed clinical studies
for the evaluation of local tumour control and radiation-induced
toxicity are necessary before 18FDG-PET can be used safely in rou-
tine daily practice.
Dose escalation based on 18FDG-PET

The metabolic activity detected by 18FDG may be indicative of
tumour cell density. Therefore, 18FDG-PET can be used to direct
dose escalation to 18FDG-avid subvolumes of the tumour applying
either uniform or voxel intensity-based dose escalation [3,30,31].
Schwartz et al. were the first to deliver a uniform escalated dose
of 75 Gy in a theoretical planning study involving 20 patients with
head and neck cancer [30]. Vanderstraeten et al. applied voxel-
intensity-based dose escalation, whereby the 18FDG signal inten-
sity in the PET voxel is proportionally related to the dose described
to that voxel; that is, the higher the PET signal, the higher the pre-
scribed dose [31]. The feasibility of dose escalation using a uniform
dose distribution was demonstrated in a phase I clinical trial
including 41 head and neck cancer patients, delivering doses up
to 77.5 Gy, partly in 3 Gy fractions employing IMRT with simulta-
neous integrated boost (SIB) [32]. Data on treatment outcome
applying this approach are still pending.

One study has addressed the possibility of adaptive image-
guided radiotherapy based on repetitive 18FDG-PET imaging. The
results of this study are discussed in the section ‘Adaptive radiation
treatment planning based on repetitive 18FDG-PET’.
Initial clinical results after 18FDG-PET–CT guided IMRT planning

Recently, retrospective studies addressed the impact of integra-
tion of 18FDG-PET–CT data into IMRT planning on clinical treat-
ment outcome. A case-control study compared 45 patients with
stage IV-A pharyngeal carcinomas treated with 18FDG-PET–CT-
based IMRT with a historical matched cohort receiving three-
dimensional conformal radiotherapy without 18FDG-PET [33]. The
2-year overall survival and event-free survival rates of patients
treated with 18FDG-PET–CT-based IMRT were 91% and 80%, and
significantly better than for the control group. A similar study re-
ported 2-year overall survival and disease-free survival rates of
Fig. 3. Fused 18FMISO-PET–CT (left column), 18FMISO-PET (middle column) and CT scan
were obtained 4 h after injection of 408 MBq 18FMISO and are shown in coronal (A) and
courtesy of Dr. S. Welz.
83% and 71%,respectively, for 42 patients with head and neck can-
cer of various stage and subsites [34]. Toxicity profiles in this sec-
ond study were reported as favourable.

Although encouraging, the results of these studies must be
interpreted cautiously because they suffer from a number of flaws
including small and heterogeneous patient populations, short fol-
low-up, and use of historical controls. Furthermore, it remains un-
clear from both studies whether the suggested improvements in
tumour control must be attributed to improved radiotherapy tech-
niques, or the introduction of 18FDG-PET–CT or to other factors.
Adaptive radiation treatment planning based on repetitive 18FDG-PET

Thus far, only one proof of concept study on ten patients with
pharyngo-laryngeal squamous cell carcinomas has addressed the
impact of adaptive radiation treatment planning in the head and
neck [35]. The patients were repetitively imaged using contrast-
enhanced CT, MRI and dynamic 18FDG-PET before the start of
treatment and then once weekly during week 2–5. GTVs were
delineated in CT and MRI, and segmented on PET using the gradi-
ent-based segmentation method [27]. Furthermore, the clinical
target volume (CTV), planning target volume (PTV) and organs at
risk (i.e., parotid glands, spinal cord, oral cavity) were defined
and treatment plans calculated using the SIB IMRT approach. The
GTVs delineated from functional imaging were at all times signifi-
cantly smaller than those defined on anatomical imaging. During
the course of treatment, the CTVs and PTVs progressively
decreased; at 45 Gy the mean volumes had decreased by 51% and
48%, respectively. However, these findings did not translate into
significantly reduced average doses to the organs at risk.

This adaptive treatment planning approach combined with
highly conformal dose delivery poses the possibility of dose escala-
tion impacting on tumour control. However, clinical trials need to
first address the safety of this approach and assess the possible
improvement in outcome.

Hypoxia PET

Selection and delineation of hypoxic tumour subvolumes

Hypoxia is a common feature in head and neck tumours ad-
versely affecting treatment response and prognosis [36–38]. With
the increasing use of IMRT, there is great interest in identifying
(right column) of a patient with a cT3N2bMo supraglottic laryngeal tumour. Images
sagittal (B) view. These images were acquired on a Siemens Biograph HiRez and are
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and delineating hypoxic tumour subvolumes for selective escala-
tion of the radiation dose as a method to circumvent hypoxia-in-
duced radioresistance.

60Cu(II)-Diacetyl-bis(N4-methylthiosemicarbazone) (60Cu-ATSM)
was the first hypoxia-related PET tracer for which the potential
use of a selective boost to the hypoxic subvolume was illustrated
[39]. Partly due to its limited specificity, especially if imaging is per-
formed at relatively short intervals after its administration, this
compound did not find its way in larger scale clinical studies.

18F-Fluoromisonidazole (18FMISO) is a nitroimidazole PET tracer
that has been extensively used for the detection of hypoxia in vari-
ous tumour sites, such as the head and neck. First attempts were
made to delineate a biological target volume based on 18FMISO-
PET [40–42] (Fig. 3). Lee et al. defined the hypoxic subvolume as
voxels with an 18FMISO tumour-to-blood activity ratio P1.3
encompassed by the GTV delineated CT and 18FDG-PET [40].
Rajendran et al. also defined one hypoxic subvolume within the
gross tumour volume defined on CT and 18FDG-PET [41]. Finally,
Thorwarth et al. determined hypoxic voxels based on dynamic
18FMISO-PET imaging. The voxels’ different degree of hypoxia served
as basis for a map of locally varying dose-escalation factors allowing
spatially variant doses [42].

Although all three approaches successfully defined hypoxic
subvolumes, the relatively long time for 18FMISO diffusion and
uptake hinders quantification of hypoxia.

18F-Fluoroerythronitroimidazole (18FETNIM), 18F-fluoroazomy-
cin arabinoside (18FAZA) and 18F-2-(2-nitroimidazol-1-yl)-N-
(3,3,3-trifluoropropyl)-acetamide (18F-EF3) are new generation
nitroimidazoles. Souvatzoglou et al. proved 18FAZA-PET to be suit-
able for clinical use in head and neck tumours [43]. Subsequently,
Grosu et al. defined hypoxic subvolumes of different size and dis-
tribution based on 18FAZA-uptake exceeding the background mus-
cle uptake by 50% or more [44]. Based on positive findings
regarding the 18FAZA reproducibility, the authors stated that these
subvolumes could theoretically be used as biologic target volume
for radiation treatment planning [44,45].

A phase I study using 18F-EF3 has shown the tracer to be safe in
head and neck patients, but the number of tumours visualized was
disappointingly low [46].

Although the initial findings on subvolume definition incorpo-
rating various hypoxic PET tracers are promising, the data have
to be interpreted cautiously because the number of theoretical
datasets studied was limited.
Dose escalation based on hypoxia PET

Apart from identification and delineation of hypoxic volumes,
theoretical planning studies have escalated the dose to these biolog-
ical target volumes [40–42]. Two theoretical planning studies
proved the feasibility of dose escalation to the 18FMISO-PET detected
hypoxic subvolume using IMRT [40,41]. In a third study, Thorwarth
et al. compared conventional IMRT planning with dose painting by
numbers based on dynamic 18FMISO-PET data [42]. Applying this
approach, the tumour control probability could potentially be in-
creased while maintaining the same level of toxicity.

Experience with dose escalation based on hypoxic PET tracers
other than 18FMISO is limited. Only Grosu et al. proved the theoret-
ical feasibility of dose escalation to 80.5 Gy on 18FAZA positive tu-
mour subvolumes [44].

The employment of radiation dose escalation based on hypoxia
PET in practice awaits early clinical testing.
Clinical outcome and adaptive treatment based on hypoxia PET

Over the past few years, 18FMISO-PET was found to have both
prognostic and possibly also predictive value in various small
studies on head and neck cancer patients [47–50]. In three clinical
studies, the degree of hypoxia visualized on 18FMISO-PET prior to
treatment significantly correlated with locoregional failure [47,49,
50]. Rather surprising, Lee et al. recently reported excellent local
and regional control rates (100% and 95%, respectively) despite
the fact that 18 of the twenty patients studied had evidence of
hypoxia in the primary tumour and/or metastatic lymph nodes on
the pre- or mid-treatment 18FMISO-PET scans [48]. However, based
on the reported 100% local control rate, no firm conclusions regard-
ing the prognostic value of 18FMISO-PET could be drawn. Rischin et
al. published data supporting also predictive value of 18FMISO [49].
Advanced stage head and neck cancer patients were treated with
radiotherapy and concurrent chemotherapy alone or combined
with a hypoxic cytotoxin. Patients with hypoxic tumours treated
with the additional hypoxic cytotoxin developed significantly less
local failures compared to patients treated with chemoradiation
alone [49].

Interestingly, high uptake of the new nitroimidazole 18FETNIM
was also associated with a trend towards poor overall survival in
head and neck tumours [51].

Although hypoxic subvolumes or voxels can be identified, no
studies on adaptive radiotherapy planning have been performed
yet. One of the reasons for this is that pre-clinical studies on head
and neck xenograft tumour lines found tumour cell hypoxia to be a
highly dynamic process both in location and time [52]. This prob-
ably influences results of non-invasive in vivo imaging, ultimately
affecting patient selection for treatment modification, subvolume
definition for dose escalation, adaptive radiotherapy planning
and tumour response evaluation.

The large temporal fluctuations of the tumour oxygenation sta-
tus before and during treatment have been shown in a study on
18FMISO reproducibility (strong correlation in only 46% of the pa-
tients studied) [53]. In a subsequent study, Lin et al. assessed the
effect of these changes in a theoretical planning study on seven
head and neck cancer patients undergoing IMRT [54]. They found
that although spatial changes occurred in the majority of patients,
the equivalent uniform dose to the hypoxic volume could still be
significantly increased using dose-painting IMRT (from 70 to
80 Gy).

In summary, a number of hypoxic or hypoxia-related PET trac-
ers are available that are able to identify hypoxic tumour subvo-
lumes. However, before these can be clinically implemented for
patient selection, dose escalation or adaptive radiotherapy, addi-
tional study is required. Unresolved issues include: limited spatial
resolution; further knowledge about the influence of changes in
the oxygenation status before and during treatment; and questions
about radiation dose levels required to effectively eliminate these
radioresistant subpopulations.
Other PET tracers

False-positive readings due to tracer uptake in inflammatory
tissue or reactive lymph nodes are the major limitation of 18FDG-
PET in oncology. Therefore, PET tracers that more specifically im-
age DNA-, protein- or lipid-synthesis are currently being developed
and tested.

Tumour cell proliferation adversely affects radiation treatment
outcome and prognosis. 30-Deoxy-30-18F-fluorothymidine (18FLT)
is a tracer reflecting DNA-synthesis and is not influenced by peri-
tumoral inflammation [55]. This promising compound was shown
to be useful for imaging primary tumours but not for the detection
of metastatic lymph nodes of head and neck cancer due to a high
rate of false-positive findings caused by 18FLT uptake in the germi-
nal centres of reactive lymph nodes [56,57]. Recently, our group as-
sessed the value of repetitive 18FLT-PET–CT imaging regarding
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volumetric and signal changes in ten oropharyngeal cancer pa-
tients undergoing (chemo)radiation [58]. All patients underwent
combined anatomical and functional imaging before treatment,
and in the second and the fourth week of (chemo)radiation. It
was found that the GTV on CT decreased significantly between
the second and third CT scan, but not in the initial phase of treat-
ment. In contrast to this, the 18FLT-PET signal calculated as SUV al-
ready decreased significantly before the second PET scan. However,
due to the rapid decline in 18FLT-PET signal intensity, the applied
PET segmentation methods resulted in unsatisfactory volumes dur-
ing treatment and were thus not useful for adaptive radiotherapy
planning [58].

O-2-18F-Fluoroethyl-L-tyrosine (18FET) and L-methyl-11C-methi-
onine (11C-MET) are amino acids used to visualize cellular amino
acid uptake or protein synthesis. 18FET may be useful in differenti-
ating tumour from inflammatory tissue, but for 11C-MET, high up-
take in the normal tissues was found [59,60].

1-11C-acetate (11C-ACE) may be a biomarker for the anabolic
pathway metabolism in cancer tissues. The use of ACE-PET for tu-
mour volume delineation resulted in 51% larger volumes than ob-
tained with 18FDG-PET [61]. The biological information provided
by ACE-PET needs to be further evaluated.

Finally, non-invasive methods to assess the uptake and biodis-
tribution of biological modifiers will be of great value to direct
new targeted therapies, such as antibodies against the epidermal
or vascular endothelial growth factor receptors (EGFR, VEGFR).
Radiolabelled antibodies and small molecules for PET imaging are
currently being developed and tested in pre-clinical and early clin-
ical studies [62–66].

In conclusion, PET tracers imaging specific biological tumour
characteristics offer potential for tailor-made radiation therapy.
However, they remain in the research arena until proper clinical
validation.
General conclusions and future prospects

1. 18FDG-PET is not recommended for the routine diagnostic
work-up and staging of head and neck cancer, except in case
of cervical metastases from an unknown primary tumour. In
the setting of the unknown primary tumour, it may be benefi-
cial if conventional imaging modalities fail to identify the
tumour.

2. 18FDG-PET can improve the accuracy of gross tumour volume
delineation. Automatic tools for tumour delineation reduce
intra- and inter-observer variability and are therefore recom-
mended. Validation of the various threshold- and gradient-
based segmentation methods is mandatory before they can be
safely applied in clinical practice.

3. 18FDG-PET can facilitate boost planning and dose escalation to
smaller volumes. The feasibility of this approach is under inves-
tigation in phase I-II clinical trials. Proof of concept has been
demonstrated for adaptive 18FDG-PET-guided radiotherapy.
Clinical testing is awaited.

4. PET tracers imaging specific biological tumour characteristics
remain in the research arena until clinical validation.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

The authors thank Dr. S. Welz, Clinic for Radiation Oncology,
University Hospital Tübingen, Germany, for kindly providing
Fig. 3. This work was supported by EC FP6 Funding (Biocare – Con-
tract No. LSHC-CT-2004-505785) and by Junior Investigator Grant
2006-38 of the Radboud University Nijmegen Medical Centre,
The Netherlands.
References

[1] Feng FY, Kim HM, Lyden TH, et al. Intensity-modulated radiotherapy of head
and neck cancer aiming to reduce dysphagia: early dose–effect relationships
for the swallowing structures. Int J Radiat Oncol Biol Phys 2007;68:1289–98.

[2] Kam MK, Leung SF, Zee B, et al. Prospective randomized study of intensity-
modulated radiotherapy on salivary gland function in early-stage
nasopharyngeal carcinoma patients. J Clin Oncol 2007;25:4873–9.

[3] Kapanen M, Collan J, Saarilahti K, Heikkonen J, Kairemo K, Tenhunen M.
Accuracy requirements for head and neck intensity-modulated radiation
therapy based on observed dose–response of the major salivary glands.
Radiother Oncol 2009;93:109–14.

[4] Gordin A, Golz A, Daitzchman M, et al. Fluorine-18 fluorodeoxyglucose
positron emission tomography/computed tomography imaging in patients
with carcinoma of the nasopharynx: diagnostic accuracy and impact on clinical
management. Int J Radiat Oncol Biol Phys 2007;68:370–6.

[5] King AD, Ma BB, Yau YY, et al. The impact of 18F-FDG PET/CT on assessment of
nasopharyngeal carcinoma at diagnosis. Br J Radiol 2008;81:291–8.

[6] Ng SH, Yen TC, Liao CT, et al. 18F-FDG PET and CT/MRI in oral cavity squamous
cell carcinoma: a prospective study of 124 patients with histologic correlation.
J Nucl Med 2005;46:1136–43.

[7] Ng SH, Chan SC, Yen TC, et al. Staging of untreated nasopharyngeal carcinoma
with PET/CT: comparison with conventional imaging work-up. Eur J Nucl Med
Mol Imaging 2009;36:12–22.

[8] Schoder H, Yeung HW, Gonen M, Kraus D, Larson SM. Head and neck cancer:
clinical usefulness and accuracy of PET/CT image fusion. Radiology
2004;231:65–72.

[9] Sigg MB, Steinert H, Gratz K, Hugenin P, Stoeckli S, Eyrich GK. Staging of head
and neck tumors: [18F]fluorodeoxyglucose positron emission tomography
compared with physical examination and conventional imaging modalities. J
Oral Maxillofac Surg 2003;61:1022–9.

[10] Johansen J, Buus S, Loft A, et al. Prospective study of 18FDG-PET in the detection
and management of patients with lymph node metastases to the neck from an
unknown primary tumor. Results from the DAHANCA-13 study. Head Neck
2008;30:471–8.

[11] Rusthoven KE, Koshy M, Paulino AC. The role of fluorodeoxyglucose positron
emission tomography in cervical lymph node metastases from an unknown
primary tumor. Cancer 2004;101:2641–9.

[12] Fletcher JW, Djulbegovic B, Soares HP, et al. Recommendations on the use of
18F-FDG PET in oncology. J Nucl Med 2008;49:480–508.

[13] Kyzas PA, Evangelou E, Denaxa-Kyza D, Ioannidis JP. 18F-Fluorodeoxyglucose
positron emission tomography to evaluate cervical node metastases in
patients with head and neck squamous cell carcinoma: a meta-analysis. J
Natl Cancer Inst 2008;100:712–20.

[14] Lonneux M, Hamoir M, Reychler H, et al. Positron emission tomography with
[18F]fluorodeoxyglucose improves staging and patient management in
patients with head and neck squamous cell carcinoma: a multicenter
prospective study. J Clin Oncol 2010;28:1190–5.

[15] Chang JT, Chan SC, Yen TC, et al. Nasopharyngeal carcinoma staging by (18)F-
fluorodeoxyglucose positron emission tomography. Int J Radiat Oncol Biol
Phys 2005;62:501–7.

[16] Schinagl DA, Kaanders JH, Oyen WJ. From anatomical to biological target
volumes: the role of PET in radiation treatment planning. Cancer Imaging
2006;6:S107–16.

[17] Steenbakkers RJ, Duppen JC, Fitton I, et al. Reduction of observer variation
using matched CT-PET for lung cancer delineation: a three-dimensional
analysis. Int J Radiat Oncol Biol Phys 2006;64:435–48.

[18] Ciernik IF, Dizendorf E, Baumert BG, et al. Radiation treatment planning with
an integrated positron emission and computer tomography (PET/CT): a
feasibility study. Int J Radiat Oncol Biol Phys 2003;57:853–63.

[19] Riegel AC, Berson AM, Destian S, et al. Variability of gross tumor volume
delineation in head-and-neck cancer using CT and PET/CT fusion. Int J Radiat
Oncol Biol Phys 2006;65:726–32.

[20] Daisne JF, Duprez T, Weynand B, et al. Tumor volume in pharyngolaryngeal
squamous cell carcinoma: comparison at CT, MR imaging, and FDG PET and
validation with surgical specimen. Radiology 2004;233:93–100.

[21] Daisne JF, Sibomana M, Bol A, Doumont T, Lonneux M, Gregoire V. Tri-
dimensional automatic segmentation of PET volumes based on measured
source-to-background ratios: influence of reconstruction algorithms.
Radiother Oncol 2003;69:247–50.

[22] Heron DE, Andrade RS, Flickinger J, et al. Hybrid PET–CT simulation for
radiation treatment planning in head-and-neck cancers: a brief technical
report. Int J Radiat Oncol Biol Phys 2004;60:1419–24.

[23] Nishioka T, Shiga T, Shirato H, et al. Image fusion between 18FDG-PET and MRI/
CT for radiotherapy planning of oropharyngeal and nasopharyngeal
carcinomas. Int J Radiat Oncol Biol Phys 2002;53:1051–7.

[24] Nestle U, Kremp S, Schaefer-Schuler A, et al. Comparison of different methods
for delineation of 18F-FDG PET-positive tissue for target volume definition in
radiotherapy of patients with non-small cell lung cancer. J Nucl Med
2005;46:1342–8.



334 Guideline on PET–CT for head and neck tumours
[25] Paulino AC, Koshy M, Howell R, Schuster D, Davis LW. Comparison of CT- and
FDG-PET-defined gross tumor volume in intensity-modulated radiotherapy for
head-and-neck cancer. Int J Radiat Oncol Biol Phys 2005;61:1385–92.

[26] Schinagl DA, Vogel WV, Hoffmann AL, van Dalen JA, Oyen WJ, Kaanders JH.
Comparison of five segmentation tools for 18F-fluoro-deoxy-glucose-positron
emission tomography-based target volume definition in head and neck cancer.
Int J Radiat Oncol Biol Phys 2007;69:1282–9.

[27] Geets X, Lee JA, Bol A, Lonneux M, Gregoire V. A gradient-based method for
segmenting FDG-PET images: methodology and validation. Eur J Nucl Med Mol
Imaging 2007;34:1427–38.

[28] van Dalen JA, Hoffmann AL, Dicken V, et al. A novel iterative method for lesion
delineation and volumetric quantification with FDG PET. Nucl Med Commun
2007;28:485–93.

[29] Schinagl DA, Hoffmann AL, Vogel WV, et al. Can FDG-PET assist in radiotherapy
target volume definition of metastatic lymph nodes in head-and-neck cancer?
Radiat Oncol 2009;91:95–100.

[30] Schwartz DL, Ford EC, Rajendran J, et al. FDG-PET/CT-guided intensity
modulated head and neck radiotherapy: a pilot investigation. Head Neck
2005;27:478–87.

[31] Vanderstraeten B, Duthoy W, De Gersem W, De Neve W, Thierens H.
[18F]fluoro-deoxy-glucose positron emission tomography ([18F]FDG-PET)
voxel intensity-based intensity-modulated radiation therapy (IMRT) for head
and neck cancer. Radiother Oncol 2006;79:249–58.

[32] Madani I, Duthoy W, Derie C, et al. Positron emission tomography-guided,
focal-dose escalation using intensity-modulated radiotherapy for head and
neck cancer. Int J Radiat Oncol Biol Phys 2007;68:126–35.

[33] Rothschild S, Studer G, Seifert B, et al. PET/CT staging followed by intensity-
modulated radiotherapy (IMRT) improves treatment outcome of locally
advanced pharyngeal carcinoma: a matched-pair comparison. Radiat Oncol
2007;2:22.

[34] Vernon MR, Maheshwari M, Schultz CJ, et al. Clinical outcomes of patients
receiving integrated PET/CT-guided radiotherapy for head and neck carcinoma.
Int J Radiat Oncol Biol Phys 2008;70:678–84.

[35] Geets X, Tomsej M, Lee JA, et al. Adaptive biological image-guided IMRT with
anatomic and functional imaging in pharyngo-laryngeal tumors: impact on
target volume delineation and dose distribution using helical tomotherapy.
Radiother Oncol 2007;85:105–15.

[36] Brizel DM, Sibley GS, Prosnitz LR, Scher RL, Dewhirst MW. Tumor hypoxia
adversely affects the prognosis of carcinoma of the head and neck. Int J Radiat
Oncol Biol Phys 1997;38:285–9.

[37] Hoogsteen IJ, Marres HA, van der Kogel AJ, Kaanders JH. The hypoxic tumour
microenvironment, patient selection and hypoxia-modifying treatments. Clin
Oncol (R Coll Radiol) 2007;19:385–96.

[38] Yaromina A, Thames H, Zhou X, et al. Radiobiological hypoxia, histological
parameters of tumour microenvironment and local tumour control after
fractionated irradiation. Radiother Oncol 2010;96:116–22.

[39] Chao KS, Bosch WR, Mutic S, et al. A novel approach to overcome hypoxic
tumor resistance: Cu-ATSM-guided intensity-modulated radiation therapy. Int
J Radiat Oncol Biol Phys 2001;49:1171–82.

[40] Lee NY, Mechalakos JG, Nehmeh S, et al. Fluorine-18-labeled
fluoromisonidazole positron emission and computed tomography-guided
intensity-modulated radiotherapy for head and neck cancer: a feasibility
study. Int J Radiat Oncol Biol Phys 2008;70:2–13.

[41] Rajendran JG, Hendrickson KR, Spence AM, Muzi M, Krohn KA, Mankoff DA.
Hypoxia imaging-directed radiation treatment planning. Eur J Nucl Med Mol
Imaging 2006;33:44–53.

[42] Thorwarth D, Eschmann SM, Paulsen F, Alber M. Hypoxia dose painting by
numbers: a planning study. Int J Radiat Oncol Biol Phys 2007;68:291–300.

[43] Souvatzoglou M, Grosu AL, Roper B, et al. Tumour hypoxia imaging with
[18F]FAZA PET in head and neck cancer patients: a pilot study. Eur J Nucl Med
Mol Imaging 2007;34:1566–75.

[44] Grosu AL, Souvatzoglou M, Roper B, et al. Hypoxia imaging with FAZA-PET and
theoretical considerations with regard to dose painting for individualization of
radiotherapy in patients with head and neck cancer. Int J Radiat Oncol Biol
Phys 2007;69:541–51.
[45] Beck R, Roper B, Carlsen JM, et al. Pretreatment 18F-FAZA PET predicts success
of hypoxia-directed radiochemotherapy using tirapazamine. J Nucl Med
2007;48:973–80.

[46] Mahy P, Geets X, Lonneux M, et al. Determination of tumour hypoxia with
[(18)F]EF3 in patients with head and neck tumours: a phase I study to assess
the tracer pharmacokinetics, biodistribution and metabolism. Eur J Nucl Med
Mol Imaging 2008;35:1282–9.

[47] Eschmann SM, Paulsen F, Reimold M, et al. Prognostic impact of hypoxia
imaging with 18F-misonidazole PET in non-small cell lung cancer and head and
neck cancer before radiotherapy. J Nucl Med 2005;46:253–60.

[48] Lee N, Nehmeh S, Schoder H, et al. Prospective trial incorporating pre-/mid-
treatment [18F]-misonidazole positron emission tomography for head-and-
neck cancer patients undergoing concurrent chemoradiotherapy. Int J Radiat
Oncol Biol Phys 2009;75:101–8.

[49] Rischin D, Hicks RJ, Fisher R, et al. Prognostic significance of [18F]-misonidazole
positron emission tomography-detected tumor hypoxia in patients with
advanced head and neck cancer randomly assigned to chemoradiation with
or without tirapazamine: a substudy of Trans-Tasman Radiation Oncology
Group Study 98.02. J Clin Oncol 2006;24:2098–104.

[50] Thorwarth D, Eschmann SM, Scheiderbauer J, Paulsen F, Alber M. Kinetic
analysis of dynamic 18F-fluoromisonidazole PET correlates with radiation
treatment outcome in head-and-neck cancer. BMC Cancer 2005;5:152.

[51] Lehtio K, Eskola O, Viljanen T, et al. Imaging perfusion and hypoxia with PET to
predict radiotherapy response in head-and-neck cancer. Int J Radiat Oncol Biol
Phys 2004;59:971–82.

[52] Ljungkvist AS, Bussink J, Kaanders JH, et al. Hypoxic cell turnover in different
solid tumor lines. Int J Radiat Oncol Biol Phys 2005;62:1157–68.

[53] Nehmeh SA, Lee NY, Schroder H, et al. Reproducibility of intratumor
distribution of (18)F-fluoromisonidazole in head and neck cancer. Int J
Radiat Oncol Biol Phys 2008;70:235–42.

[54] Lin Z, Mechalakos J, Nehmeh S, et al. The influence of changes in tumor
hypoxia on dose-painting treatment plans based on 18F-FMISO positron
emission tomography. Int J Radiat Oncol Biol Phys 2008;70:1219–28.

[55] Shields AF, Grierson JR, Dohmen BM, et al. Imaging proliferation in vivo with
[F-18]FLT and positron emission tomography. Nature Med 1998;4:1334–6.

[56] Cobben DC, van der Laan BF, Maas B, et al. 18F-FLT PET for visualization of
laryngeal cancer: comparison with 18F-FDG PET. J Nucl Med 2004;45:226–31.

[57] Troost EG, Vogel WV, Merkx MA, et al. 18F-FLT PET does not discriminate
between reactive and metastatic lymph nodes in primary head and neck
cancer patients. J Nucl Med 2007;48:726–35.

[58] Troost EG, Bussink J, Hoffmann AL, Boerman OC, Oyen WJ, Kaanders JH. 18F-FLT
PET/CT for early response monitoring and dose escalation in oropharyngeal
tumors. J Nucl Med 2010;51:866–74.

[59] Geets X, Daisne JF, Gregoire V, Hamoir M, Lonneux M. Role of 11-C-methionine
positron emission tomography for the delineation of the tumor volume in
pharyngo-laryngeal squamous cell carcinoma: comparison with FDG-PET and
CT. Radiother Oncol 2004;71:267–73.

[60] Pauleit D, Stoffels G, Schaden W, et al. PET with O-(2-18F-fluoroethyl)-L-
tyrosine in peripheral tumors: first clinical results. J Nucl Med 2005;46:411–6.

[61] Sun A, Sorensen J, Karlsson M, et al. 1-[11C]-Acetate PET imaging in head and
neck cancer – a comparison with 18F-FDG-PET: implications for staging and
radiotherapy planning. Eur J Nucl Med Mol Imaging 2007;34:651–7.

[62] Aerts HJ, Dubois L, Perk L, et al. Disparity between in vivo EGFR expression and
89Zr-labeled cetuximab uptake assessed with PET. J Nucl Med 2009;50:123–31.

[63] Cai W, Chen K, He L, Cao Q, Koong A, Chen X, et al. Expression in xenograft-
bearing mice using 64Cu-labeled cetuximab, a chimeric anti-EGFR monoclonal
antibody. Eur J Nucl Med Mol Imaging 2007;34:850–8.

[64] Nagengast WB, de Vries EG, Hospers GA, et al. In vivo VEGF imaging with
radiolabeled bevacizumab in a human ovarian tumor xenograft. J Nucl Med
2007;48:1313–9.

[65] Niu G, Li Z, Xie J, Le QT, Chen X. PET of EGFR antibody distribution in head and
neck squamous cell carcinoma models. J Nucl Med 2009;50:1116–23.

[66] Wang JQ, Gao M, Miller KD, Sledge GW, Zheng QH. Synthesis of [11C]Iressa as a
new potential PET cancer imaging agent for epidermal growth factor receptor
tyrosine kinase. Bioorg Med Chem Lett 2006;16:4102–6.



Radiotherapy and Oncology 96 (2010) 335–338
Contents lists available at ScienceDirect

Radiotherapy and Oncology

journal homepage: www.thegreenjournal .com
Review

PET scans in radiotherapy planning of lung cancer q

Dirk De Ruysscher a,*, Carl-Martin Kirsch b

a Department of Radiation Oncology (MAASTRO Clinic), Maastricht University Medical Center, The Netherlands; b Department of Nuclear Medicine, Saarland University
Medical Center, Homburg, Germany

a r t i c l e i n f o
Article history:
Received 4 June 2010
Received in revised form 7 July 2010
Accepted 7 July 2010
Available online 23 July 2010

Keywords:
Radiotherapy
PET
Lung cancer
Delineation
Target volumes
0167-8140/$ - see front matter � 2010 European So
Ireland Ltd. All rights reserved.
doi:10.1016/j.radonc.2010.07.002

q Guidelines for the use of PET in radiotherapy pl
V. Grégoire (ESTRO).

* Corresponding author. Address: Maastricht Unive
ment of Radiation Oncology (MAASTRO Clinic), GRO
tricht, The Netherlands.

E-mail addresses: dirk.deruysscher@maastro.nl (D
@uniklinikum-saarland.de (C.-M. Kirsch).
a b s t r a c t

Especially for non-small cell lung cancer, FDG-PET has in the majority of the patients led to the safe
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Radiotherapy is a key treatment modality in the curative treat-
ment of patients with both non-small cell lung cancer (NSCLC) and
small cell lung cancer (SCLC). Recent progress in combined modal-
ity treatments incorporating radio-chemotherapy, with or without
surgery, as well as the technical advances in radiation delivery, has
led to significant improvements in treatment outcomes. Careful
staging and patient selection are important to achieve the maximal
chance of long-term survival with acceptable side effects. Simi-
larly, accurate delineation of target volumes is crucial for prevent-
ing geographical misses. An incorrect definition of the gross tumor
volume (GTV) (i.e. detectable tumor) or clinical target volume
(CTV) (tumor plus a margin for microscopic extension) is a source
of systematic errors, which can lead to under-treatment and
reduce the probability of tumor control.

As the overwhelming majority of the relevant clinical work has
been done with [18F]deoxyglucose (FDG), which is moreover the
only PET radiopharmaceutical that is widely available, in the rest
of this section, by PET, FDG-PET is meant unless otherwise stated.

In contrast with diagnostic questions, which basically go down
to dichotomous outcomes, that is, cancer yes/ no, in radiotherapy,
also the volume and shape of the tumor volumes are of impor-
tance. Moreover, uncertainties, for example due to tumor move-
ments, should be tackled.
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rsity Medical Center, Depart-
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Although covered in other sections, it should directly be
stressed that as with any other imaging and therapeutic modality,
PET in radiotherapy must also be calibrated thoroughly as well as
used in strict clinical protocols. Indeed, the influence of technical
factors in the measurement of the Standardized Uptake Value
cannot be overemphasized. Volume assessment with PET is
crucially dependent on technical factors and huge mistakes can
only be avoided by sticking to well-established protocols [1].
Moreover, patients should be placed in a treatment planning posi-
tion on the PET-(CT) scan, which implies strict protocols that
should be adhered to in different departments.
Non-small cell lung cancer (NSCLC)

Target volume selection

Many studies have investigated the specificity and sensitivity of
CT scans vs. FDG-PET-(CT) scans. For the evaluation of indetermi-
nate lung lesions, the sensitivity and specificity ranged in five stud-
ies from 79% to 96% and from 40% to 83% (reviewed in Ref. [2]). The
main limitations of FDG-PET in the evaluation of lung nodules are
due to an increased uptake of FDG in inflammatory sites leading to
a reduction of the specificity. Nevertheless, the sensitivity is about
90%, which is very high.

For mediastinal lymph node staging, the role of FDG-PET scan is
very well established. While the sensitivity of CT is 56%, for
FDG-PET, this is 83% for all stages, 91% when the CT scan shows
enlarged lymph nodes, and 70% for normal-sized lymph nodes.
The specificity for CT is 81%, for FDG-PET for all stages 89%, with
enlarged nodes 70%, and with normal-appearing lymph nodes on
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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CT 94% (reviewed in Ref. [2]). These results should be viewed in
perspective with the current golden standard, mediastinoscopy.
The specificity is 100%, but the sensitivity is 78% for all stages,
82% when the CT scan shows enlarged lymph nodes, and 42% for
normal-sized lymph nodes.

In conclusion, the major role of FDG-PET is due to its very high
negative predictive value (>90%) for the detection of mediastinal
lymph nodes. It should be noted that these favorable results only
hold true when no chemotherapy was administered, for chemo-
therapy markedly reduced the accuracy of FDG-PET-CT scans [3].

Accurate identification of nodal metastases is crucial for plan-
ning curative radiotherapy, particularly as the routine elective no-
dal irradiation is no longer recommend in NSCLC [4]. In several
planning studies, it was shown that PET or PET-CT influences the
GTV [5,6]. The PET volumes were in general smaller than with
CT, thus leading to a decreased radiation exposure of the lungs
and the esophagus sufficiently as to allow for radiation-dose esca-
lation [7,8]. A prospective clinical trial using this approach re-
ported isolated nodal failures in only 1 of 44 patients [9] (Fig. 1).
These results were subsequently confirmed in another, similar pro-
spective study from the Netherlands Cancer Institute [10], but not
in a US retrospective series [11]. The latter may be due to the ab-
sence of a clearly defined PET-delineation protocol. This under-
scores the absolute pre-requisite of a well-established protocol
before PET-based tumor definition may be introduced into clinical
practice [6,12]. Moreover, clinicians need to update these protocols
on a regular basis as much research is ongoing in this field, which
will result in ever-improving the current state-of-the-art.

Although PET-defined mediastinal radiotherapy fields appear to
be safe, because of a false-positive rate of approximately 30%,
depending on the patient population, ideally, pathological confir-
mation of PET-positive mediastinal nodes should be obtained by
Fig. 1. Axial view of 18FDG-PET-CT with contrast. CT shows an enlarged subcarinal
node (level 7, diameter of 1.9 cm, white arrow), while PET shows no FDG uptake in
level 7. This finding influences the delineation of the nodal target volume.
mediastinoscopy or endoscopic ultrasound-guided fine needle
aspiration (EUS-FNA).

If selective nodal irradiation is done, be it for the whole radio-
therapy treatment or only after an elective part, FDG-PET-based
radiotherapy planning is the method of choice, because of the
reproducible higher accuracy of PET over CT. Obviously, all other
diagnostic information, including findings at bronchoscopy, medi-
astinoscopy, endoscopic ultrasound, and others, should be taken
into account.

Although this approach is safe from the point of view of the
small proportion of isolated nodal failures, more studies to demon-
strate the benefit of this policy are needed.
Target volume delineation

At present, FDG-PET scans offer little additional advantage over
CT or MRI scans for staging of the primary tumor because of its lack
of precise anatomical localization. The spatial resolution of modern
CT scanners (typically about 1 mm) is far superior to that of current
PET scanners (6–8 mm), – which is considerably compromised by
respiratory motion in real life – so that the extra gain with fusion
is expected not be large, unless PET scans can reliably address tu-
mor delineation caused by atelectasis or intra-tumor heterogene-
ity. However, PET did show a remarkably good correlation with
pathology and patient data [12–14] (illustrated in Fig. 2).

Moreover, PET scans reduced the inter-observer variability
compared to CT alone [15]. Integrated PET-CT scans further im-
proved delineation variability [16]. The next step is to use the
PET signal to construct an automatic delineation of the tumor
[12] and to offer the radiation oncologist a solution that only needs
contour editing. This method was on its turn to be less prone to
variability than PET-CT [12].

As PET acquisition takes several minutes, tumor motion due to
respiration or cardiac action results in PET ‘GTV’s’ that incorporate
at least some effects of this motion. Respiration-gated PET acquisi-
tion techniques have been developed [17,18] and are at present
evaluated in clinical studies.
Dose distribution comparison

Many studies have investigated radiation dose distributions
based on CT or on FDG-PET (reviewed in Ref. [4]). All of them
showed a significant decrease of the irradiated volumes when
FDG-PET-based radiotherapy planning was used. This was obvious
in the case of atelectasis, where PET enables the differentiation be-
tween tumor and collapsed lung. Also nodal volumes decreased in
over 80% of the patients, thus theoretically allowing radiation-dose
escalation with the same toxicity or decreasing normal tissue
exposure for radiation with the same tumor dose. This strategy is
still experimental. Optimal PET acquisition is crucial [19].
Clinical outcome comparison

No randomized phase III trial has been reported comparing PET
with CT planning. However, PET scans have shown to detect dis-
tant metastases in up to 30% of the patients with stage III NSCLC
who were M0 with conventional staging [19,20]. This clearly af-
fects patient outcome for it spares toxic therapy in individuals
who will not benefit from it.

The incorporation of PET into radiotherapy planning has as pre-
viously shown the potential to allow radiation-dose escalation
without increasing side effects, this is because of the reduction of
radiation fields [7,8]. In a large phase II trial, it was shown that this
pre-requisite is indeed true [21]. Whether this radiation dose in-
crease will ultimately lead to higher cure rates is a matter of cur-
rent research.



Fig. 2. Radiotherapy planning using CT and PET derived 3D information: the yellow line shows the GTV as derived form PET plus an 8 mm expansion; the red line represents
the CT-derived GTV + 8 mm expansion. Please note: (a) the general shrinkage of the GTV using PET and (b) the missing part of the GTV using CT (red line) in the sagittal view
(image in the middle) as compared to the PET-derived GTV (yellow line) still containing tumor. Yellow line, GTV (derived from FDG-PET) + 8 mm expansion. Red line, GTV
(derived from CT) + 8 mm expansion.
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Experimentally, PET scans may also allow the identification of
therapy-resistant areas within the tumor that could be given a
higher radiation dose and hence lead to a better outcome [22–24].
Adaptive treatment

Significant changes of FDG uptake in the primary lung tumor
during a course of radiotherapy have been described [16].
Although in most patients a decrease was observed, in about 15%
FDG uptake increased dramatically. Most of these patients have a
very bad prognosis. Further research may incorporate early FDG-
PET scans early during treatment for treatment adaptation [25].
Limited-disease small-cell lung cancer (LD-SCLC)

Target volume selection

Although many studies have investigated the specificity and
sensitivity of CT scans vs. FDG-PET-(CT) scans for the staging of
small cell lung cancer, its role has not been clearly established
[26–31]. In general, though, the accuracy for detection mediastinal
lymph nodes is higher with PET than with CT.

Although after CT-based radiotherapy planning, isolated nodal
recurrences may be seen in over 10% of the patients, in a prospec-
tive study selective nodal irradiation based on PET scans proved to
result in only 3% of isolated nodal failures [32].
Target volume delineation

No studies have been performed investigating target volume
delineation based on PET for small cell lung cancer.
Dose distribution comparison

In one study, FDG-PET changed radiotherapy fields in 25% of pa-
tients with limited-stage small cell lung cancer [33]. Both increases
and decreases of the volumes were found.
Clinical outcome comparison

No randomized studies are available comparing PET with CT
planning. In the only prospective study in which the nodal volumes
were defined on the basis of FDG-PET, only 3% isolated nodal fail-
ures were observed, and the incidence of severe esophagitis was
only half of expected [32].
Adaptive treatment

No studies have been described on adaptive treatment in small
cell lung cancer.

Other tracers than FDG

Hypoxia

Visualizing and quantifying hypoxia is of obvious importance, for
hypoxia is related to resistance for radio- and chemotherapy and the
early occurrence of distant metastases. PET scans suitable for hypox-
ia detection would also enable the selection of patients for hypoxic
cell sensitizers. Many PET tracers have been investigated, including
18F-misonidazole, (62)Cu-diacetyl-bis(N(4)-methylthiosemicar-
bazone (62Cu-ATSM), and 1-alpha-D-(5-deoxy-5-[(18)F]-fluoroara-
binofuranosyl)-2-nitroimidazole (18F-FAZA) [34]. At present, it is
unclear as which one is the most suitable in clinical practice, and this
is the subject of intensive ongoing research.

It should nevertheless be stressed that although FDG uptake is
increased in hypoxic tumor regions, FDG is not a hypoxia marker.
Indeed, the uptake of FDG and hypoxia markers dissociates both
in animal models and in clinical trials, with spatial mismatching
probably being more pronounced in SCLC than in NSCLC [35,36].
Proliferation

Many tracers are correlated with cell proliferation, but the mea-
surement of thymidine kinase 1 with (18)F-fluoro-L-thymidine
(18F-FLT) has been studied the most extensively [37]. This tracer
is from a diagnostic point of view less accurate than FDG for the
staging of NSCLC, but it may give interesting information on early
tumor response to chemotherapy or chemo-radiation [38]. This
and other tracers may therefore enter clinical practice in the future
[39].

Conclusions

For NSCLC, FDG-PET scans allow more thorough staging, thus
avoiding unnecessary treatments. It reduces radiation treatment
volumes because of the avoidance of mediastinal lymph nodes that
are PET negative and hence reduces toxicity with the same radia-
tion dose or enables radiation-dose escalation with the same tox-
icity. Data are also encouraging for small cell lung carcinoma.

More research is needed to assess the effect of PET on survival.
PET also reduces inter-observer variability for delineating tu-

mors and opens perspective for more automated delineation parts
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in radiation planning, as well as innovative radiation treatment
delivery.

Using diagnostic PET-CT scans for radiotherapy treatment plan-
ning is attractive, for it saves time and resources. However, the dis-
advantages are the influence of time delay between the diagnosis
and referral for radiotherapy on tumor volume and tracer uptake,
the effects of induction systemic therapy on FDG uptake, the differ-
ences in patient position and immobilization devices between
diagnostic and therapeutic sets, calibration and SUV measurement
issues, and breathing (4D) information that has now become stan-
dard in radiotherapy treatment for lung cancer and is not regularly
available from diagnostic images. Although many issues can be
solved, especially breathing and positioning differences support
the use of a new PET-CT scan specifically designed for radiotherapy
planning [39].

Although FDG has been extremely useful for lung cancer radio-
therapy and new applications still emerge, new tracers are of inter-
est, for they may be more specific for tumor characteristics such as
proliferation and hypoxia. These tracers are at present in use in
clinical investigations.
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A large number of histological and anatomically distinct malignancies originate from the gastro-intestinal
(GI) tract. Radiotherapy (RT) plays an increasing role in the multimodal treatment of most of these malig-
nancies. The proximity of different organs at risk such as the kidneys, the spinal cord and the small bowel
and the potential toxicity associated with combined treatment modalities make accurate target volume
delineation imperative. The ability of positron emission tomography (PET) imaging to visualize a so-
called ‘biological target volume’ (BTV) may be helpful in this respect. Currently the most widely used tra-
cer for diagnosis, staging, restaging and response assessment is [18F]Fluoro-deoxyglucose (FDG). Promis-
ing preliminary results in esophageal, pancreatic and anorectal cancers and colorectal liver metastasis
suggest that FDG-PET might provide us with additional information useful in target volume delineation.
Poor image resolution and a low sensitivity for lymph node detection currently obstructs its widespread
implementation. Moreover, validation in large prospective trials and the pathological validation of the
correct tumor volume is still lacking. In hepatocellular carcinoma (HCC) and gastric adenocarcinoma
there is currently little evidence for the use of FDG-PET in target delineation. However more extensive
research is warranted before the true value of FDG-PET in these sites can be assessed. Also other tracers
are constantly being developed and investigated. Up to now however none of these tracers has found its
way into the daily practice of target volume delineation.
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear

Medicine. Published by Elsevier Ireland Ltd. All rights reserved. 96 (2010) 339–346
The gastro-intestinal (GI) tract gives rise to a wide variety of
anatomically and histologically very distinct malignancies. This
heterogeneity is expressed through differences in clinical behavior
and sensitivity to ionizing radiation. In esophageal, anal and rectal
cancer the role of radiotherapy (RT) in the multimodal treatment is
well established [1–3]. In gastric cancer, pancreatic cancer and
adenocarcinoma of the gastro-esophageal junction (GEJ) this role
is more controversial [4–6]. In adenocarcinomas of the colon or
gastro-intestinal stromal tumors (GIST) the role of RT in a curative
setting is negligible. During the last decade, the widespread imple-
mentation of stereotactic body radiotherapy (SBRT), proton irradi-
ation, intensity modulated RT (IMRT), intensity modulated arc
therapy (IMAT) and 3D-brachytherapy enable us to deliver the
dose more conformally around the tumor volume. This allows us
to increase the dose on the tumor while maintaining or even
reducing the dose on the organs at risk (OAR). This prospect is very
appealing in GI cancers considering the often weakened patient
population, the high doses needed for tumor control and the prox-
imity of several organs prone to serious radiation toxicity (liver,
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kidneys, lung, . . .). Accurate target volume (TV) definition and
delineation, profound knowledge of the behavior of the tumor
and healthy tissues during RT and a better understanding of the
interaction between ionizing radiation and chemotherapy and/or
biological-targeted therapies are essential hurdles to cross before
we can fully exploit the potential of our technical abilities. Func-
tional imaging with positron emission tomography (PET) might
help resolve some problems. PET-imaging provides us with biolog-
ical information of the tumor. To date the most commonly used
tracer in tumors of the gastro-intestinal tract is [18F]Fluorodeoxy-
glucose (FDG). This tracer accumulates in tissues with a high met-
abolic turnover and is currently widely used for diagnosis, early
response assessment and (re-)staging [7–15]. Other commonly
used PET tracers under investigation are [18F]Fluorothymidine
(FLT) and [18F]Fluoromisonidazole (FMISO). FLT enters the DNA
synthesis salvage pathway and thus images DNA synthesis and cel-
lular proliferation [16]. FMISO on the other hand selectively binds
to hypoxic cells and is used to image hypoxia in tumoral regions
[17].

The use of PET for TV definition and delineation in GI tract tu-
mors is only recently being investigated. But interest is rapidly
growing [18]. With this review we aim to give an overview of
the current rationale and evidence of the value of PET and its
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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different tracers for TV definition in esophageal, GE junction, gas-
tric, pancreatic, hepatic, rectal and anal cancer.
Cancer of the esophagus and the gastro-esophageal junction

FDG-PET

Malignancies of the esophagus present themselves either as
squamous cell cancer (SCC) or as adenocarcinoma (AC) [19]. Both
cellular types avidly accumulate FDG in their cells and malignant
deposits can be adequately detected by FDG-PET [11]. When con-
sidering neoadjuvant or definitive (chemo-)RT for esophageal can-
cer assessment of the full extent of the tumor and its malignant
nodes is necessary for adequate radiation delivery to the tumor
and sparing of the OAR.

A study by Mamede et al. reported a significant positive corre-
lation between FDG-PET-based tumor lengths and pathological
findings in 17 patients [20]. The best correlation was estimated
for a SUV-threshold of two standard deviations. Similar results
were found by Zhong et al. in a study on 36 patients [21]. They con-
cluded that a noninvasive PET-based delineation of the superior
and inferior extent of viable tumor involvement is accurate and
that the addition of FDG-PET to the planning process improves
the accuracy of the delineation process. The exact cut-off value
however still remains up for debate. In an attempt to find the opti-
mal threshold, Yu et al. compared five FDG-PET/CT-based lengths
with the pathological gross tumor volume (GTV) length [22].
Although an optimal SUV-based threshold was obtained, the con-
formity index for the GTVs was unsatisfactorily low and concluded
that the information provided by PET and CT should be considered
complementary when delineating the GTV. An important remark is
that the above mentioned studies all used a threshold-based delin-
eation method. There is some evidence, although not in esophageal
cancer, that a gradient-based or a signal to background-based
delineation method might be more reproducible [23,24]. Also the
effect of organ motion due to respiration on the PET acquisition
warrants further investigation. The value of FDG-PET to determine
the regional extent of the disease has been investigated in a few
studies. Vrieze et al. investigated the additional value of FDG-PET
on clinical target volume (CTV) delineation in 30 patients with
an advanced esophageal carcinoma [25]. In 47% of the patients dis-
cordances were found in the detection of the pathological lymph
nodes between CT, endoscopic ultrasound (EUS) and FDG-PET. In
8 patients, 9 lymph node regions were found with pathologic
nodes on conventional imaging only. In 3 of these patients the
influence of FDG-PET findings would have led to a decrease of
the irradiated volume. In 6 patients, 8 lymph node regions were
found with a normal CT/EUS and pathologic nodes on FDG-PET.
In three of these patients (10%) the influence of the FDG-PET would
have led to an enlargement of the irradiated volume. The authors
therefore concluded that due to its low sensitivity the irradiated
volume should not be reduced based on a negative FDG-PET in a
region with suspect nodes on other investigations. The high spec-
ificity of FDG-PET on the other hand supports enlarging the irradi-
ated volume based on a positive FDG-PET in a region without
suspected lymph nodes on CT and/or EUS. Similarly Shimizu
et al. investigated FDG-PET/CT and EUS in 20 patients who received
radical surgery for SCC of the esophagus. They found that the
detection rate of subclinical lymph node metastasis did not im-
prove with the addition of PET [26]. This is to be expected when
considering the limited spatial resolution of FDG-PET compared
to CT. Continuous improvements in PET resolution might in the fu-
ture overcome these problems.

The consequences of FDG-PET-based TV delineation on the radi-
ation dose distribution were assessed in three studies. In the study
by Leong et al. they found that in 5 out of 16 patients (31%) FDG-
PET-avid disease was excluded from the planning target volume
(PTV) if the TV delineation was based on CT only [27]. No signifi-
cant differences in doses to OAR were seen when FDG-PET infor-
mation was added to the treatment-planning process. These
findings are in contrast with Moureau-Zabotto et al. who found
that changes in treatment plans based on the FDG-PET resulted
in significant changes in doses to OAR’s with an increase in lung
V20 in 13 patients and a decrease in 12 patients [28]. Muijs et al.
compared the addition of FDG-PET on the CT-based TV delineation
[29]. They found that TV’s based solely on CT might exclude PET-
avid disease and that the addition of PET in radiation planning
might result in clinically important changes in normal tissue com-
plication probability (NTCP). Although these findings are very
interesting, these studies only have a limited number of patients;
they use different methods for defining CTV and PTV and lack path-
ological validation. In conclusion, there are no data available show-
ing that the use of FDG-PET/CT has improved the patient outcome
(Table 1). Its low sensitivity makes reduction of the TV potentially
dangerous, while its high specificity makes enlarging the TV based
on PET findings advisable.

GE junction tumors are AC, and its definition and optimal treat-
ment are subject to a lot of debate [19,30–32]. FDG-PET has been
established and validated in several studies as a surrogate marker
that allows the prediction of response and prognosis in FDG-avid
tumors [33–35]. The role of FDG-PET in the TV delineation of GE
junction tumors is unclear as there is only limited evidence avail-
able. Furthermore in the latest TNM classification the Siewert clas-
sification has been abandoned and gastro-esophageal tumors are
now classified as esophageal or stomach cancer based on the epi-
centre of the tumor and the presence of an extension in the esoph-
agus or not [30,36]. Whether or not PET findings can be transposed
in a similar way needs further investigation.
Other tracers

One study verified the FLT and FDG-PET/CT GTV-delineations
with pathologic examination in 22 patients with SCC of the tho-
racic esophagus [37]. A fixed standardized uptake value (SUV) of
1.4 on FLT-PET/CT and a SUV of 2.5 for FDG-PET gave good approx-
imations of the pathologic tumor length. The differences in the
bilateral lung volume receiving P20 Gy, heart volume receiving
P40 Gy, and the maximal dose received by the spinal cord be-
tween FLT and FDG was not significant. However, the values for
the mean lung dose, bilateral lung volume receiving P5, P10,
P30, P40, and P50 Gy, the mean heart dose, and heart volume
receiving P30 Gy using FLT-PET/CT-based planning were signifi-
cantly lower than those using FDG-PET/CT.

This study only shows the feasibility of an FLT-based GTV delin-
eation compared to FDG. Furthermore the provided fixed thresh-
olds are not reproducible. In other words, this is no evidence that
FLT-based TV delineation might actually result in a better target
coverage compared to conventional treatment planning.
Gastric cancer

The role of RT in gastric cancer remains unclear. Evidence pro-
vided by a large US group study (INT-0116) showed a favorable im-
pact on survival by adding chemo-RT in AC of the stomach and GE
junction [38].

Generally FDG-PET isn’t considered an accurate imaging tech-
nique in gastric cancer. Lack of FDG avidity, low spatial resolution
and the high physiological FDG uptake in the normal gastric wall
results in a low sensitivity for detection of both the primary tumor
and the lymph node metastasis (34–60%) [39–41]. The higher spec-
ificity compared to CT and a better positive predictive value for



Table 1
Summary of available data on the use of PET-CT in radiotherapy planning.

Tumor site Tracer Target definition Target volume delineation Effect on dose distribution Patient outcome

Esophagus FDG Use for detection of primary tumor
and metastatic disease. Limited
sensitivity for detection lymph
nodes

Several studies show a good
correlation between FDG-PET
and pathology-based tumor
lengths

Contradictory data from
two small studies without
pathological validation

Several studies suggest prognostic
and predictive value of metabolic
imaging with FDG-PET

FLT No data available One study showed that FLT-
PET/CT gave good
approximation of the tumor
length

One theoretical study
showed significant
difference with FDG-PET
in lung and heart dose

No data available

Adenocarcinoma
of the GE
junction

FDG No separate data available No separate data available No separate data available Several trials suggest prognostic
and predictive value of metabolic
imaging with FDG-PET

Gastric cancer FDG Low sensitivity for primary tumor
and lymph nodes

No data available No data available Several studies suggest prognostic
and predictive value of metabolic
imaging with FDG-PET in case of
FDG-avid tumors

FLT One study reports on higher
sensitivities with FLT than FDG-PET
for primary tumor detection

No data available No data available No data available

Adenocarcinoma
of the
pancreas

FDG Accurate detection of primary tumor
and distant metastasis

Has been used in a few
studies, however the
additional value remains
under investigation

No data available Several prospective trials suggest
prognostic and predictive value of
metabolic imaging with FDG-PET

Liver-HCC FDG Low sensitivities in tumor detection.
Although some studies suggest
better sensitivity in poorly
differentiated HCC

No data available, no benefit is
expected

No data available, no
benefit is expected

No data available, no benefit is
expected

11C-
Acetate

Two studies report higher
sensitivities compared to FDG.
Accumulate preferably in well
differentiated and larger tumors

No data available No data available No data available

FCH Small study showed high detection
rate

No data available No data available No data available

Liver-
metastases

FDG Detection rated dependent on
primary tumor histology. High
sensitivity in for detection of
metastases from colorectal cancer

One retrospective study
showed larger local
progression rate in case of
incomplete PET/CT CTV
coverage

No data available

Rectal Cancer FDG High sensitivity for detection of
primary tumor and metastases. Less
sensitive in lymph node assessment

Small clinical studies support
its use in GTV delineation.
Only one correlated with
pathology

No data available Several clinical studies report on
the predictive power of sequential
FDG-PET during and after
neoadjuvant treatment

FLT Limited studies show high detection
rate in patients with rectal cancer.
Although generally with lower
uptake than FDG

Two small studies report a
potential use for GTV
delineation

No data available No data available

FMISO No data available Lack of reproducibility makes
it unfit for GTV delineation

No data available No data available

Anal Cancer FDG Part of standard pre-treatment
workup. Higher sensitivity than CT

One retrospective study
reported it is safe to omit PET-
negative lymph nodes from
high dose GTV

No data available Post treatment FDG-PET/CT is
predictive for response and long-
term clinical outcome

FDG: 18F-fluorodeoxyglucose; FLT: 18F-fluorothymidine; FCH: 18F-fluorocholine; FMISO: 18F-fluoromisonidazole; GE: gastro-esophageal, PET: positron emission tomography;
GTV: gross tumor volume; CTV: clinical target volume; CT: computed tomography.
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lymph node metastasis compared to CT leads to the belief that the
combination of FDG-PET with CT might result in a better lymph
node staging [42]. More research is necessary to validate this
statement.

FDG-PET might be used for the prediction of response to neoad-
juvant treatment [43,44]. Better patient selection, improvements
in PET-CT and pathology validation studies however are urgently
needed. A study by Herrmann et al. indicated that imaging gastric
cancer with the proliferation marker FLT is feasible. Forty-five pa-
tients with histologically proven locally advanced gastric cancer
underwent FLT- and FDG-PET. All patients showed focal FLT uptake
in the primary tumor while 14 primary tumors were negative for
FDG-uptake, resulting in a sensitivity of 100% and 69% respectively
[45]. These results need to be confirmed and so far no quantitative
correlation with pathology nor assessment of lymph nodes was
done.
Pancreatic cancer

The role of RT in the treatment of unresectable AC of the pan-
creas is unclear although it is frequently included in the multi-
modal therapeutic strategy [5,46,47]. Higher irradiation doses
might result in better local control but the dose is limited by small
bowel, liver, gastric and duodenal toxicity. New techniques such as
stereotactic body RT (SBRT) with concurrent chemotherapy are
being investigated to safely escalate the dose on the tumor [48–
50]. Pancreatic tumors in general are FDG-avid and FDG-PET
parameters have been shown to be of prognostic value for both
progression-free survival and overall survival after SBRT [51].

In a few studies FDG-PET/CT has been used to define the GTV
[50–52]. The actual value of adding FDG-PET to TV delineation
however remains unclear due to the lack of pathological validation
of the FDG-based TV. Ford et al. suggested that FDG-PET/CT might
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be particularly useful in distinguishing the tumor from the duode-
num [53]. This might be important considering the frequent duo-
denal toxicity seen in early SBRT trials. However, this observation
is based on only a few cases and so far no studies addressing this
issue have been published.

One study evaluated the use of FLT-PET/CT for the detection of
pancreatic cancer in 5 patients and compared this to FDG-PET/CT.
Using a visual interpretation the primary cancer could be detected
from the background activity in only 2 out of 5 patients with FLT-
PET, while FDG-PET was able to detect the primary cancer in all
five patients [54]. Although only 5 patients were analyzed, there
seems to be no place for FLT-PET in AC of the pancreas.

In conclusion, there is currently no evidence defending the use
of PET for TV delineation in pancreatic cancer.

Malignancies of the liver

High dose irradiation of unresectable hepatocellular carcinoma
(HCC) and liver metastasis is rapidly gaining interest due to recent
studies where SBRT or high dose rate (HDR) brachytherapy was
used with excellent local control rates and limited toxicity [55–
59]. When using such high doses, accurate TV delineation is essen-
tial in the prevention of radiation-induced liver disease (RILD).
Hepatocellular carcinoma

The diagnostic accuracy of FDG-PET in HCC for tumor detection
is generally poor with a sensitivity ranging between 0% and 50%
[60–62]. Two tracers of the lipid metabolism, 18F-fluorocholine
(FCH) and 11C-acetate showed promising results in preliminary
studies [63–65]. Ho et al. saw a higher sensitivity for 11C-acetate-
PET compared to FDG-PET in 32 patients with HCC with 63 lesions
(87.3% vs 47.3%, respectively). Comparison with histopathology
showed that well-differentiated HCC is detected by 11C-acetate-
PET while poorly differentiated types are more often detected by
FDG-PET [63]. This complementarity was also found in the study
by Park et al. On 90 patients with 110 lesions sensitivity increased
with the addition of 11C-acetate to FDG-PET/CT (60.9% vs 75.4% for
the single-tracer modalities and 82.7% for dual-tracer PET/CT) [64].
Uptake of 11C-acetate seemed to be associated with large and mul-
tiple tumors as a detection of small primary HCC yielded low sen-
sitivities with all tracers. Talbot et al. showed a detection rate of
100% in 12 patients with newly diagnosed or recurrent HCC using
FCH-PET/CT compared to only 56% with FDG-PET/CT [65]. These re-
sults however are obtained in a retrospective setting in patients
with confirmed HCC. Selection of the optimal tracer for each pa-
tient and further qualitative improvements of PET/CT are essential
for PET to play a role in HCC.
Liver metastases

Hematogenous metastases to the liver are very common and
originate from different primary tumors. Liver metastases originat-
ing from colon and rectal cancers are considered eligible for cura-
tive treatment in case of limited disease [66]. Over the last couple
of years, RT is widely gaining ground in the treatment of non-
resectable liver metastases [59]. Contrary to what we see in HCC
FDG-PET is considered to be highly sensitive for the detecting liver
metastases secondary to colorectal cancer [67–69]. So far one
study retrospectively reviewed the value of FDG-PET/CT for radio-
therapy planning in 19 patients with colorectal liver metastasis
treated with HDR brachytherapy for 38 lesions in 25 sessions
[70]. Adding the information from FDG-PET to the planning CT re-
sulted in a change in the CTV in 84% of all sessions. An increase was
observed in 15 sessions while in 6 sessions the CTV decreased. The
median PET/CT-CTV was significantly larger than the CT-CTV with
a median increase of 24.5% (p = 0.022). The authors observed a sig-
nificantly larger rate of early local progression in those patients
with incomplete PET/CT CTV coverage. They therefore concluded
that PET is particularly informative for pretreated lesions, when
CT is inconclusive. This is in contrast to observations by Akhurst
et al. who found that preoperative chemotherapy reduces the
activity of the glycolytic enzyme hexokinase which resulted in a
reduction in sensitivity of standard FDG-PET for colorectal metas-
tasis [71].

In any case, FDG-PET holds promise when considering irradiat-
ing liver metastasis up to a high dose, but warrants further research.

Rectal cancer

Classically, in rectal cancer, a three or four beam set-up is used
to deliver a short or long course of RT to the posterior pelvis before
a total mesorectal excision (TME) is performed. This treatment is
generally well tolerated and local control is excellent [1,72]. Accu-
rate GTV delineation has therefore long been considered of minor
importance and the main emphasis was put on accurate CTV delin-
eation [73]. The observation that rectal cancer patients with a
pathological complete response (pCR) after chemo-RT might not
need surgery; the implementation of highly conformal RT tech-
niques and the ability to assess the tumor response early during
RT is gradually changing this view [14,74–76]. If dose escalation
is considered, accurate knowledge of the exact tumor volume is re-
quired to maintain an acceptable small bowel and bladder toxicity.
So far three different PET tracers have been tested for radiotherapy
planning: FDG, FMISO and FLT. Roels et al. investigated the role of
FMISO, FLT and FDG for the definition of the GTV [77]. Patients
underwent PET/CT imaging with two different tracers – a combina-
tion of FDG and FMISO or a combination of FDG and FLT (Fig. 1).
They found that at each time-point, the mean FDG-PET GTV was
significantly larger than the FMISO-PET GTV, but not significantly
larger than the mean FLT-PET GTV. Mismatch analysis confirmed
that FDG, FLT and FMISO-PET reflect different biological character-
istics and can be used as a target for dose-escalation RT in rectal
cancer. In general FDG and FLT GTVs corresponded better than
FDG and FMISO GTVs, probably due to the non-specific FMISO up-
take in normoxic bowel wall and diffusion of FMISO through the
rectal wall. Moreover, the spatial distribution of FMISO varied con-
siderably during RT, while FDG and FLT uptake was less variable
over time. These findings favor the use of FDG and FLT as potential
tracers for TV definition in dose-escalation RT and proof that re-
imaging is important if these GTVs are used as a target for dose
escalation.

A second study by Roels et al. investigated FDG-PET/CT and MRI
before the start of treatment, after 10 fractions of radiation and be-
fore surgery [24]. The FDG-PET GTV was automatically delineated
with two different segmentation algorithms; a modified thresh-
old-based method and a gradient-based method. The mean FDG-
derived GTVs showed a tendency to shrink during and after CRT
(Fig. 2). They concluded that the FDG-PET GTVs obtained with a
gradient-based segmentation technique seemed to fit best with
the GTV measured on the pathological specimen. Ciernik et al.
found that the automated segmentation of the FDG signal strongly
correlated with the CT-derived GTV and the volume as assessed on
pathology in 11 patients with rectal cancer [78]. He stated that
PET-based delineation can be automated which makes it fast and
less prone to inter-observer variation and usable in creating a
working PTV (wPTV) based on the PET GTV. There are however
some limitations to this study [79]. Firstly, there was no patholog-
ical correlation of the PET-based GTV. Secondly; the limited accu-
racy of FDG-PET in detecting microscopic lymph node invasion
makes it unsuitable for the automatic definition of a CTV or PTV
[80]. Patel et al. also addressed the question concerning PET and in-



Fig. 1. Comparison of CT-scan, FDG-PET and FLT-PET (columns) before chemoradiotherapy (CRT) (row A), after 10–12 fractions of CRT (row B) and before surgery (row C). The
macroscopic and microscopic surgical specimen is shown at the bottom.
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ter-observer variability. They compared the nodal and primary tu-
mor GTV contour for a hypothetical boost volume on conventional
CT alone and on FDG- and FLT-PET/CT in six rectal cancer patients
[81]. Four radiation oncologists delineated primary and nodal GTV
on all scans. The boost TVs based on combined PET/CT resulted in
lower inter-observer variability compared with CT alone, particu-
larly for nodal disease. Again, this is only based on a limited num-
ber of patients and less variability does not necessarily imply more
correct delineation. Furthermore, as stated above, visual delinea-
tion has the disadvantage that it is less independent and less objec-
tive than gradient-based methods.

In conclusion, both FDG- and FLT-PET are promising tracers for
the delineation of the GTV in rectal cancer. Before these can be
implemented in daily practice improvement of PET-CT is essential.
Also accurate definition of the margins around the CTV are essen-
tial when delivering high doses onto a highly deformable and mo-
bile organ such as the rectum.

Anal cancer

Concurrent (chemo-)RT has gradually become the mainstay of
curative treatment of anal cancer [82,83]. Current treatment guide-
lines include FDG-PET as part of the standard pre-treatment work-
up in patients diagnosed with anal cancer. Several investigations
have shown that with FDG-PET, more involved lymph nodes can
be detected than with clinical examination and CT [84,85]. Also,
it appears that post-therapy FDG-PET/CT is highly predictive for a
tumor response and a long-term clinical outcome [86].

To investigate whether a dose reduction on the inguinal lymph
nodes enlarged on CT, but negative on FDG-PET is safe, Mai et al.
investigated 39 sequential patients with anal cancer [87]. All pa-
tients were treated with combined CRT including elective irradia-
tion of the inguinal lymph nodes up to 36 Gy. On planning CT, a
total of 162 inguinal lymph nodes were detected with 16 suspected
lymph nodes in nine patients. Three of these lymph nodes in three
patients were PET-positive (FDG-PET positivity was defined as nor-
malized SUV > 2.5). Only on these lymph nodes the radiation dose
was increased up to 50.4–54 Gy. The authors concluded that reduc-
tion of the irradiation dose to CT-enlarged but PET-negative ingui-
nal LN does not result in increased failure. The limited number of
patients and affected lymph nodes, the use of a fixed threshold
delineation method combined with the retrospective nature of this
study does not allow definite conclusions, but they do suggest a fu-
ture role for FDG-PET in the treatment planning of anal cancer.



Fig. 2. Manual gross tumor volume (GTV) delineation on CT-scan (A); on T1 weighted MRI image (B) and automated gradient based delineation of the GTV on the FDG-PET(C).
Fusion GTV after non rigid registration with a rigid approximation for the tumor to the planning CT (D).
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General conclusions and future prospects

� Up to now FDG-PET is mainly used for diagnosis, staging, early
response prediction and (re-)staging in different gastro-intesti-
nal tumors.
� Concerning TV definition and delineation FDG-PET shows prom-

ising results in esophageal cancer, rectal cancer, colorectal liver
metastases and pancreatic cancer. Evidence for the use of FDG-
PET in Hepatocellular carcinoma and gastric cancer is lacking
and warrants further investigation.
� The limited spatial resolution and low sensitivity in the diagno-

sis of pathologic lymph nodes makes FDG-PET in general
unsuitable for omission of PET-negative lymph node regions.
Combination of FDG-PET with CT might increase this sensitivity.
The higher specificity allows for inclusion of FDG-PET positive
regions in some tumor sites (i.e. esophageal cancer)
� In general the role of FDG-PET in GTV definition and delinea-

tion is investigational. Validation of the different segmenta-
tion methods, comparison with the pathological specimen
and improvements of the PET-CT acquisition are mandatory
requirements before its use can be implemented in clinical
practice.
� Other tracers are being investigated and some show promising

results. So far they have no place in daily practice.
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a b s t r a c t

The present chapter is focused on the role of positron emission tomography/computed tomography (PET/
CT) and [11C]-labelled Choline ([11C]Choline) for the management of prostate cancer patients for radia-
tion therapy planning.

Although still a matter of debate, PET/CT with [11C]Choline is not routinely recommended for selecting
patients for prostate cancer primary radiation treatment. However, due to its high accuracy in detecting
and localizing recurrences when a biochemical failure occurs, [11C]Choline PET/CT may play a role in the
re-staging phase to distinguish patients with local versus distant relapse, thus influencing patient man-
agement (curative versus palliative therapy).

Limited data are currently available on the role of [11C]Choline PET/CT in target volume selection and
delineation. According to available literature, [11C]Choline PET/CT is not clinically recommendable to
plan target volume both for primary prostate treatment and for local recurrence. Nevertheless, promising
data suggested a potential role of [11C]Choline PET/CT as an image guide tool for the irradiation of pros-
tate cancer relapse.
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear

Medicine. Published by Elsevier Ireland Ltd. All rights reserved. 96 (2010) 347–350
In prostate cancer patients, an accurate visualization of the pri-
mary tumor, lymph nodal and distant neoplastic involvement, as
well as recurrences after therapy are essential for a proper treat-
ment planning [1–3]. However, the diagnostic accuracy of conven-
tional imaging modalities, such as computed tomography (CT) and
magnetic resonance (MR) imaging, is still suboptimal in the man-
agement of these patients [4,5]. Positron emission tomography
(PET) and particularly integrated PET/CT modalities are showing
increasing usefulness, in general, in radiation oncology: (a) to stage
the disease, for accurate patient selection to treatment, (b) to select
and delineate the target volume, by defining the biological target
volumes (BTV), and (c) to re-stage and monitor the disease, by
evaluating the biological effect of treatment.

Two-[18F]-fluoro-2-deoxy-D-glucose ([18F]FDG) is the most
commonly used PET tracer in oncology [6]. However, in prostate
cancer, it presents limitations, mainly due to the low glucose
metabolism of prostate cancer cells and due to its physiologic uri-
nary excretion that may interfere with imaging of pelvis [7].

Among the different PET tracers alternatively investigated for
imaging prostate, [11C]Choline is currently providing the most
ciety for Therapeutic Radiology an

ine, San Raffaele Scientific
promising results in prostate cancer patients. [11C]Choline has a
negligible urinary excretion that represents an advantage in visual-
izing urological malignancies. Choline is an essential component of
phospholipids of the cell membrane. The presence of Choline
transporters, cell proliferation and up-regulation of Choline kinase
are mechanisms suggested for the increased uptake of Choline in
neoplastic disease, including prostate cancer [8,9].
[11C]Choline PET/CT

PET/CT with [11C]Choline is a diagnostic tool that is increas-
ingly used in clinical oncology. Its role is mainly recognized in
the re-staging of prostate cancer patients when a biochemical re-
lapse occurs. In fact, in patients with a prostate specific antigen
(PSA) failure after radical treatment for prostate cancer, PET/CT
with [11C]Choline may accurately detect the presence of recur-
rences. PET/CT with [11C]Choline has been shown to be comple-
mentary to conventional imaging modalities, but with the
advantage of re-staging prostate cancer in a single step [10–13].
In radiation oncology, the potential roles of PET/CT with [11C]Cho-
line, in both primary and recurrent prostate cancer, are (1) patient
selection for treatment and (2) target volume selection and
delineation.
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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Patient selection

The accurate evaluation of the extent of neoplastic disease rep-
resents a crucial issue in planning the treatment, both in staging
and in re-staging phase. The presence of metastatic disease cur-
rently influences the treatment strategies, curative therapy being
ineffective and palliative therapy regimens being favored [14,15].
The role of PET/CT with [11C]Choline in distinguishing patients
with local or distant disease has been investigated for the planning
of both primary and recurrent prostate cancer treatment.
Primary prostate cancer
When a primary prostate cancer is diagnosed, several aspects

are to be considered to plan the treatment strategies. As an alter-
native to radical prostatectomy, definitive radiation therapy may
be proposed to patients, offering the same long-term survival re-
sults as surgery and providing a quality of life at least as good as
that provided by surgery [15].

The choice of treatment, after the appropriate assessment of tu-
mor extension (TNM classification), has to be based on the combi-
nation of several prognostic factors, including Gleason score,
baseline PSA, age of the patient, patient’s co-morbidity, life expec-
tancy and quality of life and d’Amico’s prognostic factor classifica-
tion [15].

The primary extension assessment of prostate cancer is usually
performed by conventional imaging modalities including bone
scan, CT and MR imaging [15,16]. As previously reported, these
modalities may present limitations in detecting prostate cancer
metastases, particularly when PSA values are lower than 20 ng/
ml [15]. However, the recent development of high-resolution MR
imaging with lymphotrophic ultra-small super-paramagnetic iron
oxide particles (USPIO) represents a promising approach in the
detection of small and otherwise occult lymph node metastases
in patients with prostate cancer [15,17,18].

[11C]Choline PET/CT is not suitable for primary prostate cancer
detection, mainly due to limited reported values of sensitivity and
specificity in localizing tumor within the prostate gland (71.6% and
42.6%, respectively) [19]. PET modality presents a spatial resolution
of approximately 5 mm, thus limiting its capability in detecting
small lesions. This limitation is particularly relevant at lymph no-
dal level where small neoplastic deposits may often occur. In fact,
although specificity data are quite high (99.8%), the reported sensi-
tivity of [11C]Choline PET/CT in detecting lymph nodal involve-
ment in prostate cancer patients is very low (41.4%) [20]. At
present, there is no clinical evidence that a negative [11C]Choline
PET/CT finding at lymph nodal level can surely exclude the pres-
Fig. 1. 75 Year old patient who presented an increase of PSA serum level (2.58 ng/m
[11C]Choline PET/CT, performed to re-stage prostate cancer, documented a lymph-node
PET/CT transaxial fused slices (a). Patient was thus treated by HTT (67.2 Gy/28 fraction
lymph node. Three months after the end of radiation treatment the patient was referred to
transaxial fused slices (b) documented a [11C]Choline complete metabolic response at rig
CT examination was significantly decreased (<0.01 ng/mL), thus demonstrating the effic
ence of the disease at that site [20]. [11C]Choline PET/CT has been
proposed to detect bone metastases in prostate cancer patients
showing, in a small group of 11 patients, comparable results as de-
tected by MR diffusion-weighted imaging [21]. The high cost of
PET/CT modality and the limited availability of systematic compar-
ative studies with conventional bone scintigraphy do not allow a
clear clinical recommendation of [11C]Choline PET/CT for the pri-
mary staging of bone metastases.

Large prospective studies, also including cost-effectiveness
analyses, are needed to assess the role of [11]Choline PET/CT in
the clinical practice of patients with a new diagnosis of prostate
cancer. Currently, [11C]Choline PET/CT cannot be recommended
in selecting patients for primary treatment, mainly due to its low
sensitivity in the detection of lymph-node metastasis.

Recurrent prostate cancer
Although there are recent improvements in diagnostic and ther-

apeutical strategies, a significant percentage of prostate cancer
recurrences may occur after therapy. Up to 27–53% of all patients
undergoing either radiation therapy or radical prostatectomy will
develop local or distant recurrences within 10 years after the initial
therapy [22]. Typically, the recurrent cancer is indicated when re-
peated progressive values of serum PSA are higher than 0.2 ng/ml
after a prostatectomy and when a PSA value of 2 ng/ml is above
the nadir after the radiation therapy [15]. The information on the
site of recurrence is crucial for the therapeutic strategy. Patients
with local failure may be candidates for salvage radiotherapy after
radical prostatectomy while hormonal therapy is preferred when
distant metastases occur [23,24]. Thus, it is important to distin-
guish between local failure only and distant metastatic recurrent
involvement. Several parameters may help in differentiating be-
tween local and distant relapse including PSA kinetics, patho-his-
tological stage and Gleason score of the prostatectomy specimen.
However, only imaging modalities may allow the anatomical local-
ization of recurrences. Following the primary treatment, bone scin-
tigraphy and CT scans are of no additional diagnostic value for PSA
serum levels lower than 20 ng/mL. Endorectal MR imaging may
help in detecting local recurrences at lower PSA levels, but it is
not a routine clinical practice for the early detection of local re-
lapses [15,25].

[11C]Choline PET/CT has been shown to be useful for re-staging
patients with prostate cancer with biochemical failure, in particu-
lar, for its capability to detect the presence of lymph nodal and
bone metastases, and, although with less accuracy, of local recur-
rences [10,12,26]. In this scenario, the reported sensitivity of
[11C]Choline PET is ranging between 38% and 95% [10–12,26–30]
l) after radical treatment for prostate cancer (Gleason Score = 4 + 3, pT3b pN0).
metastasis in the right pelvic region (white arrow), as recognized on [11C]Choline

s) on pelvic lymph nodal chains with a boost on the positive [11C]Choline PET/CT
a second [11C]Choline PET/CT to evaluate treatment response. [11C]Choline PET/CT

ht pelvic lymph node (white arrow). PSA serum value at the time of the second PET/
acy of treatment.



Table 1

Tumor
site/tracer

Patients selection Target volume selection Target
volume
delineation

Adaptive
treatment

Patient
outcome

Prostate/11C-
Choline

Useful in re-staging phase to (1) exclude
from local RT patients with distant mts and
(2) refer pts to appropriate therapeutic
strategies

No routine use yet in primary treatment
Promising data in recurrence treatments,
particularly for LN volume selection

No routine use
yet

No routine use
yet

No data available
yet
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and particularly, 38–85% in patients previously treated with radical
prostatectomy [10–12,26,27,29] and 78–81% in patients previously
treated with definitive radiation therapy [27,30].

Several authors showed that the positive detection rate of
[11C]Choline PET/CT increases with the increasing PSA values
[12,13,29]. In particular, the reported percentages of positive
[11C]Choline PET/CT findings are of 19% in patients with a PSA le-
vel between 0.2 ng/ml and 1 ng/ml, 46% in those with a PSA level
between 1 ng/ml and 3 ng/ml, and 82% in those with a PSA level
higher than 3 ng/ml [12].

In general, when a recurrence is suspected after the primary
treatment (either radical prostatectomy or radiotherapy),
[11C]Choline PET/CT could be suggested as the first procedure in
re-staging prostate cancer to guide further treatment decisions
[10,11]. Patients with a negative [11C]Choline PET/CT scan, pre-
senting increasing PSA values, should be further examined by con-
ventional imaging modalities to avoid false negative findings at
local level. As salvage radiotherapy is indicated in case of local fail-
ure, [11C]Choline PET/CT may be of help in documenting the ab-
sence of lymph nodal and/or bone metastases.

Conversely, in case of [11C]Choline PET/CT positive findings, the
knowledge of the anatomical site of recurrence may be useful to
refer patients to the specific tailored therapy, in addition to the
conventional anti-hormonal therapy [11]. Choline PET/CT has been
previously proposed as an image method to select patients for sur-
gical treatment in case of pelvic and retro-peritoneal lymph node
metastases, after the primary treatment [11,31]. The same treat-
ment strategy has been recently translated to radiotherapy treat-
ment [32]. In fact, the high accuracy of [11C]Choline PET/CT in
the detection of prostate recurrent disease, in addition to the re-
cent introduction in clinical practice of high conformal intensity
modulated treatments, such as helical tomotherapy (HTT), allows
new treatment strategies to be proposed [31,33,34] (Fig. 1).

In conclusion, [11C]Choline PET/CT has been established as a
diagnostic tool in re-staging patients with biochemical failure after
radical treatment for prostate cancer. Its accurate detection and
localization of the recurrent disease is the reason why [11C]Cho-
line PET could be proposed as a valid guide for selecting specific
patients for specific tailored treatment [22].
Target volume selection and delineation

In prostate cancer, the role of [11C]Choline PET/CT has been
investigated for target volume selection and delineation in both
primary prostate cancer and its recurrences.

Primary prostate cancer
Although still a matter of debate, [11C]Choline PET/CT is not

suitable for the initial diagnosis of prostate cancer, thus not being
recommendable for an accurate selection and delineation of target
volumes at local level. In fact, prostate cancer is often characterized
by multiple foci that may be smaller than PET spatial resolution
(approximately 5 mm). Prostate cancer may present values of
[11C]Choline uptake, as measured by standardized uptake value
(SUV), very variable, thus reflecting a high heterogeneity of pros-
tate cancer metabolic state [35]. In addition, a significant overlap
of [11C]Choline uptake between prostate cancer, benign prostate
hyperplasia, and healthy tissue has been reported [19,36,37]. The
previously reported low [11C]Choline PET/CT accuracy in lymph
nodal staging of prostate cancer is the reason why this modality
may not be recommended to plan target volumes at lymph nodal
level.
Recurrent prostate cancer
In patients with biochemical relapse after prostatectomy, sal-

vage radiotherapy is indicated in case of local failure, at PSA level
between 0.2 ng/ml and 1.0 ng/ml. However, [11C]Choline PET/CT
is not routinely clinically recommended when PSA serum values
are lower than 1.0 ng/ml [15], due to the high incidence of false
negative findings [12].

Conversely, [11C]Choline PET/CT presents high values of sensi-
tivity and specificity in detecting distant recurrent sites of the
disease [38], especially at lymph nodal level. In radiation treat-
ment planning, [11C]Choline PET/CT may be thus considered to
select and delineate target volumes at lymph nodal recurrent
sites. The use of [11C]Choline PET/CT to guide HTT treatment
on lymph nodal recurrences was initially investigated [34].
Although still experimental, the preliminary results are promis-
ing, showing that the treatment is well tolerated with a good rate
of local control (significant PSA decrease after HTT in 88% of pa-
tients) (Fig. 1). However, further studies with larger population
of patients and longer follow-ups are still needed to establish
its efficacy (Table 1).
Alternative PET tracers

Two alternative PET tracers that may be considered in planning
radiation treatment of prostate cancer patients are [18F]Choline
and [11C]Acetate.

[18F]Choline presents a very similar behavior to [11C]Choline in
prostate cancer patients. The most striking difference between the
two tracers is the urinary elimination that is high for [18F]Choline,
being an important disadvantage for imaging prostate region. Con-
versely, [18F]Choline imaging has the advantage of a longer half-
life (approximately 110 min versus 20 min of [11C]Choline) allow-
ing transportation from one single cyclotron Center to several PET
Centers [39]. In studies of radiotherapy dose escalation, [18F]Cho-
line has been used to delineate gross tumor volume and to gener-
ate the planning target volume in patients with intra-prostatic
lesion, attempting to reduce irradiation dose to the bladder and
the rectum [40]. However, published data are still too limited to
provide valuable conclusions.

Analogously, [11C]Acetate also is a valuable PET tracer for imag-
ing prostate cancer, being used both for primary prostate cancer
and metastatic sites [41–43]. The role of [11C]Acetate as an image
guide for radiotherapy planning has been evaluated in patients
with intra-capsular prostate carcinoma with promising results
[44]. However, data are still limited to establish its clinical role
in radiotherapy planning.
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Conclusion

[11C]Choline PET/CT is an established diagnostic tool in re-stag-
ing patients with biochemical failure after primary treatment. This
technique is complementary to conventional imaging modalities
but with the advantage of re-staging prostate cancer in a single
step.

In planning radiation treatment, PET/CT with [11C]Choline has
been investigated both for patient selection for treatment and for
target volume selection and delineation showing that [11C]Choline
PET/CT is not suitable for the selection of patients to be referred to
primary radiation treatment for its low sensitivity both at prostate
and at lymph nodal levels. Conversely, in the re-staging phase, this
modality may be useful to avoid unnecessary local treatment in pa-
tients with distant metastases and to select and refer patients to
specific treatment strategies.

Further studies are still needed to establish the final clinical role
of [18F]Choline and [11C]Acetate for radiation therapy planning in
prostate cancer patients.
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PET–CT plays an increasing role in the diagnosis and treatment of gynaecological cancers. In cervix can-
cer, whilst MRI remains the best imaging technique for initial primary tumor staging, PET–CT has been
showed to be a highly sensitive method to determine lymph node status, except in patients with
early-stage cervical cancer where PET–CT cannot replace surgical exploration of pelvic lymph nodes. In
patients with advanced cervical cancer, PET–CT has the potential of showing lymph node metastasis
not only within the pelvis, but also outside the pelvis, more particularly in the para-aortic area. PET–
CT has also been described as a useful tool in 3-D-based adaptative brachytherapy. In endometrial cancer,
the issues are different, as the recent decade has seen a therapeutic decrease in early-stage disease, espe-
cially in postoperative radiation therapy, whilst more advanced disease have been approached with more
aggressive treatments, integrating chemotherapy and external beam radiotherapy. Lymph node status is
also an important issue and PET-Scan may replace lymph node surgical procedure particularly in obese
patients.
� 2010 European Society for Therapeutic Radiology and Oncology and European Association of Nuclear

Medicine. Published by Elsevier Ireland Ltd. All rights reserved. 96 (2010) 351–355
Recent publications have emphasized the increasing role of
PET–CT in the diagnostic and treatment of gynaecological cancers
[1–3]. In cervix cancer, the FIGO classification, even if recently re-
viewed, is still based on clinical examination [4]. The lymph node
status, representing one of the main prognostic factors, is not
included into the FIGO classification. Surgical staging remains
probably the best method to determine lymph node involvement.
PET-Scan has been recently showed to be a highly sensitive meth-
od to determine lymph node status. To integrate PET–CT into the
radiotherapy treatment planning represents a challenging issue
[5]. For some authors, FDG-PET even represents a rational choice
for dose painting [6]. PET-Scan has also been described as a useful
tool in 3-D-based adaptative brachytherapy, even if the recent
developments in gynaecological BT have been reported with MRI
or ultrasound [7]. In endometrial cancer, the issues are different,
as the recent decade has seen a therapeutic decrease in early-stage
disease, especially in postoperative radiation therapy, whilst more
advanced disease have been approached with more aggressive
treatments, integrating chemotherapy and external beam radio-
therapy. Lymph node status is also an important issue and PET-
ciety for Therapeutic Radiology an
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Scan may replace lymph node surgical procedure particularly in
obese patients.

Cervical cancer

Fluorodeoxyglucose (FDG)-PET

Primary tumor staging
MRI has been showed to be the best exam to assess tumor in

cervix cancer, especially to detect tumor extension in the parame-
tria. The accuracy of MRI in the staging of cervical cancer ranges
from 80% to 90% compared to 60% to 69% for CT. FDG-PET–CT has
been initially used to identify cervical cancer. Wong et al. re-
ported a series of patients with cervix cancer who had a PET–
CT in the initial work-up [8]. Their conclusion was that the
PET–CT was able to detect 100% of the primary disease and was
also able to separate the population with limited disease from pa-
tients with metastases. The clinical value of PET–CT was prospec-
tively investigated in a series of 120 consecutive patients with
cervix cancer by Loft et al. [9]. Among them, 27 underwent radi-
cal hysterectomy and the PET–CT results were compared to histo-
pathological findings. Of the 27 patients, four had PET–CT
evidencing pathological foci in the pelvis: one was false-positive
and three were true-positive. Integrating the results on lymph
d Oncology and European Association of Nuclear Medicine. Published by Elsevier
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nodes, the authors concluded that FDG-PET–CT had a predictive
positive value of 75%, a negative predictive value of 96%, sensitiv-
ity of 75%, and specificity of 96%. In Stage IA and limited IB, false-
negative PET–CTs are more often reported, when the tumor size is
inferior to the PET–CT sensitivity. Moreover, neither PET–CT nor
CT is an effective method for detecting parametrial extension.
For primary tumor evaluation, MRI remains the best imaging
technique for initial primary tumor staging in cervical cancer.

Nodal staging
Nodal status is one of the strongest prognostic factors in pa-

tients with cervical cancers. In early-stage disease, the 5-year sur-
vival is 90–95% in node negative patients, 50% in positive pelvic
node patients, and 20–30% in positive para-aortic node patients.
The knowledge of nodal status is therefore fundamental, as it has
an impact on treatment modalities. The extension of radiation
fields to the para-aortic area depends on the involvement of the
para-aortic nodes and a pelvic involvement potentially leads to a
boost within involved pelvic nodes. The capacity of lymph node
metastasis detection using CT or MRI is mainly dependent on the
lymph node size. It is generally admitted that lymph node size
greater than 1 cm is considered as abnormal. The sensitivity of
MRI was reported to be within the range of 38–89%, and the spec-
ificity 78–99% [10].These results were improved with the use of
ultrasmall superparamagnetic iron oxide particles (USPIO) [11].
Nodal staging using PET-Scan is still a matter of controversy.

Lymph node staging in early-stage disease. It is generally admitted
that PET–CT is of limited value in patients with early-stage cervical
cancer and cannot replace surgical exploration of pelvic lymph
nodes. Table 1 summarizes the main literature data in this clinical
situation.

Lymph node staging in advanced disease. Patients are considered
with advanced disease when FIGO Stage is PIB2. In this clinical sit-
uation, PET–CT has the potential interest of showing lymph node
metastasis not only within the pelvis, but also outside the pelvis,
more particularly in the para-aortic area. PET–CT can show distant
metastasis, ignored by the standard traditional exams, i.e., CT and
MRI. In the literature dealing with PET in the assessment of lymph
node involvement in advanced cervical cancers, three different
types of analyses have been performed: results of PET compared
to CT and/or MRI, results of PET as prognostic factors, especially
on the survival, and comparison between PET results and histopa-
thological findings.
Comparison between PET and CT and/or MRI. PET sensitivity has
been reported to be significantly higher than MRI. Sugawara
et al. reported a 86% FDG-PET sensitivity for pelvic and para-aortic
lymph node metastasis, compared with a CT sensitivity of 57%, in a
series of 21 patients with advanced cervical cancer [17]. In a series
of 32 patients with advanced-stage cervical cancer, Rose et al. re-
Table 1
FDG-PET for lymph node staging in early-stage disease.

Author n Study FIGO stages Imaging
modality

Roh et al. [12] 54 P 2 groups PET–CT
IB-IIA < 4 cm:29
IIB-IIIB:25

Reinhardt et al. [13] 35 R IB-II PET vs MRI

Chou et al. [14] 60 P IA2-IIa 6 4 cm and no LN on MRI PET
Sironi et al. [15] 47 P IA-IB PET
Wright et al. [16] 59 R IA2-IIA PET–CT > 200

Se: sensitivity, Sp: specificity, R: retrospective, P: prospective, SLN: sentinel lymph node
ported PET sensitivity and specificity of 75% and 92%, respectively
[18]. Sensitivity was higher for pelvic (100%) than para-aortic (75%)
lymph node metastases.

Comparison between PET results and histopathological findings. The
studies on the correlation of PET–CT results and histopathological
findings are of particular interest to determine the need for exten-
sion of the radiation fields to the para-aortic area. The main publi-
cations are summarized in Table 2. Some authors recommend a
para-aortic lymph node dissection prior to the beginning of con-
comitant chemoradiation, in order to properly define the radiation
fields, as PET–CT would overlook 8% of positive para-aortic lymph
node patients.
Treatment optimization
External irradiation. As previously stated, pathological uptake of
PET may modify treatment strategy, either by extending radiation
fields to the para-aortic area, or by modifying the total doses to the
involved nodes within the pelvis and/or the para-aortic area. Nara-
yan et al. assessed whether PET–CT or MRI could avoid surgical
staging in 27 patients with locally advanced cervical carcinoma
planned for radiotherapy [22]. The authors concluded that PET
had superior sensitivity to MRI but still missed small-volume dis-
ease and they recommended para-aortic lymph node dissection
in all patients with positive pelvic lymph nodes on PET. Conversely,
the 98% positive predictive value of PET–CT was high enough to
avoid pathological confirmation and led to extended field radio-
therapy. Belhocine et al. reported that PET staging significantly
influenced the treatment decision-making in 18% of the patients
[23]. In a prospective cohort of 560 patients evaluating FDG-PET
lymph node staging, Kidd et al. evidenced a statistically significant
correlation between PET findings with the risk of disease progres-
sion and with survival [24].

The dose to lymph nodes has been extensively described by Gri-
gsby et al. [25]. In a series of 208 patients with cervix cancer,
lymph nodes were scored as either positive or negative for abnor-
mal FDG uptake PET and lymph node status by CT was classified as
<1 cm (negative) or >1 cm (positive). All enlarged lymph nodes de-
tected by CT were PET positive. No patient underwent lymph node
dissection. The mean pelvic lymph nodes were dependent on PET
and CT findings: PET negative nodes, <1 cm, 66.8 Gy, and 0/76 fail-
ures; PET positive nodes, <1 cm, 66.8 Gy, and 3/89 failures; 1.1 to
<2 cm, 66.9 Gy, and 0/21 failures; 2.1 to <3 cm, 69.4 Gy, and 2/15
failures; and 3.1 to <4 cm, 74.1 Gy, and 0/5 failures. The mean
para-aortic lymph node was 43.3 Gy and no para-aortic failure
was observed among 24 patients with PET positive <1 cm, 0/5 fail-
ure for 1.1 to <2 cm, and 0/4 failure for 2.1 to <3 cm. The risk of iso-
lated nodal failure was <2%. The reason why patients did not fail in
the para-aortic area when they were presented with initial PET po-
sitive in the para-aortic area is mainly because these patients were
at a high risk of having distant metastases, which represented the
LN Se (%) Sp (%) PPV (%) NPV (%) Nodal status
confirmation

Overall 38 97 56 94 LND

PELN 91 100 90 LND
PELN 73 83 64
PELN 10 94 25 84 SLN
overall 72 99.7 81 99 LND

2 PELN 53 90 71 80 LND
PALN 25 98 50 93 LND

, PELN: pelvic lymph node, PALN: para-aortic lymph node.



Table 2
Comparison between FDG-PET results and histopathological findings of para-aortic lymph node dissection in advanced cervix cancer.

Author n FIGO stage CT findings Se (%) Sp (%) PPV (%) NPV (%) Accuracy

Lin et al. [19] 50 IB2-IVA All negative 86 94 92
Yildirim et al. [20] 16 IIB-IVA All negative 50 83 50 83 75
Boughanim et al. [21] 38 IB2-IIA-B All negative 92
Narayan et al. [22] 27 IB-IVB MRI:3+ 100 87

Se: sensitivity, Sp: specificity, PPV: positive predictive value, NPV: negative predictive value.
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main cause of failure. Conversely, dose intensification in the pelvic
lymph nodes, as performed in this study, could be of value.

Conversely, Esthappan et al. proposed dose escalation to
59.4 Gy to the positive para-aortic lymph node and 50.4 Gy to
the para-aortic region using CT/PET-guided IMRT [26]. The authors
proposed guidelines to select treatment parameters needed for the
use of CT/PET-guided IMRT for cervical carcinoma with positive
para-aortic lymph nodes. If the published data are all in accordance
to recommend increasing the dose to pelvic nodes by using the re-
sults of PET–CT, further studies are necessary to better define the
total dose to the para-aortic nodes as they might not be necessary
if the main carcinological events are distant metastases. Recurrent
cervical carcinoma can also be salvaged with radiotherapy and
PET–CT helps in limiting the irradiated volumes, specially to de-
crease the risk of complications after surgery [27].
Chemoradiation selection. A meta-analysis of 4580 patients in-
cluded in randomized studies clearly indicated that the use of con-
current chemoradiation would lead to a significant increase in
disease-free and overall survival, with a significant reduction in
the development of distant metastasis [28]. The development of
PET–CT could represent a useful tool to better select candidates
for concomitant chemoradiation. Grigsby et al. compared concom-
itant chemoradiation with radiotherapy alone in a prospective data
registry of 65 patients with FIGO IB2 to IIIB cervix carcinoma with
no evidence of lymph node metastasis [29]. Radiation therapy
alone was administered to 15 and concomitant chemoradiation
using cisplatin to 50 patients. No significant difference in 5-year
overall survival for patients with PET-FDG–negative lymph nodes
was observed. Loft et al. prospectively assessed the diagnostic va-
lue of PET–CT in 120 patients with cervical cancer stage P1B [9].
Sensitivity and specificity of PET/CT for pelvic node diagnosis were
75% and 96%, respectively. Regarding para-aortal nodal disease,
sensitivity and specificity were 100% and 94%, respectively. This
confirms that the use of whole-body FDG/PET/CT scanning for
newly diagnosed cervical cancer with FIGO stage P1B2 has a high
sensitivity and specificity and allows a more adapted therapeutic
strategy.
Brachytherapy procedure. The use of MRI for brachytherapy plan-
ning has been recently investigated. MRI at the time of brachyther-
apy allows an accurate tumor delineation and dose optimization
[30,31]. Recommendations have been published to have reproduc-
ible and reliable definitions of targets with limited inter-observer
variability [32] A few studies have assessed the use of PET for
three-dimensional (3D) brachytherapy. Malyapa et al. compared
two-dimensional (2D) treatment planning orthogonal radiogra-
phy-based brachytherapy with a 3D treatment planning based on
18F-fluoro-deoxyglucose-positron emission tomography in 11 pa-
tients with cervical cancer [33]. The patients underwent two PETs:
a first one to visualize the tumor and a second one with the FDG
placed inside the tandem and ovoid applicators to visualize the
treatment source positions for 3-D treatment planning. The
authors concluded that this technique was feasible and accurate
relative to 2D treatment planning. Lin et al. conducted a dosimetric
study comparing intracavitary brachytherapy using a standard
plan with a PET-defined tumor volume in 11 patients undergoing
a total of 31 intracavitary treatments [34]. The coverage of the
target isodose surface for the first implant with and without
optimization 73% and 68% (p = 0.21). For the mid and final implant,
the coverage was 83% and 70% (p = 0.02). The dose to point A was
significantly higher with the optimized plans for both the first im-
plant (p = 0.02) and the mid and last implants (p = 0.008). The dose
to the 2 cm3 and 5 cm3 of bladder or rectum were not significantly
different. The authors concluded that FDG-PET-based treatment
planning improved dose tumor coverage without significant
increase to the bladder and rectum doses. Optimized treatment
allowed for improved tumor coverage to the PET defined tumor
volume without significantly increasing the dose to bladder or
rectum. Physiological tumor volume determination by PET allows
a more targeted irradiation with brachytherapy. Lin et al. had
demonstrated a mean 50% tumor volume reduction occurring
within 20 days from the beginning of irradiation [35].
Other PET tracers

The majority of publications dealing with PET in cervix cancers
have studied Fluoro-deoxy-glucose as tracer. Because of limited
urinary uptake, (11)C-choline appears as a promising radiophar-
maceutical [MacManus]. Torizuka et al. conducted a study compar-
ing (18)F-FDG and (11)C-choline in the imaging of gynaecological
tumors in 21 patients with 18 untreated tumors and three sus-
pected recurrence of ovarian cancer [36]. Among them, five had
cervical cancer, 4 FIGO Stage IIB, and one Stage IB1. 11C-Choline
PET showed uterine cervix cancer in all 5 patients, because of
low urinary radioactivity. 18F-FDG PET failed to detect small cervi-
cal cancer in one patient, with an intense bladder activity. For no-
dal staging, three patients had no pathological uptake and the node
negativity was later confirmed by surgery. The two other patients
presented enlarged parailiac lymph nodes on MRI, 18F-FDG PET
clearly detected intense uptake at the level of lymphadenopathy
whilst 11C-Choline PET could show an abnormal activity, but this
was obscured by physiologic bowel uptake. The authors concluded
that 11C-Choline PET may be inferior to 18F-FDG PET for the tumor
staging within the abdomen, because of the bowel 11C-Choline
uptake.

Tumor hypoxia has been demonstrated by PET with (60)Cu-la-
beled diacetyl-bis(N(4)-methylthiosemicarbazone) ((60)Cu-ATSM)
which is a biomarker of poor prognosis in patients with cervical
cancer. In a series of 38 patients with cervical cancer, Dehdashti
et al. found an inverse relationship between tumor ((60)Cu-ATSM)
uptake and progression-free and survival [37]. Of interest was the
absence of correlation between ((60)Cu-ATSM) uptake and (18)F-
FDG uptake.

An imaging comparison of 64Cu-ATSM and 60Cu-ATSM in a ser-
ies of 10 patients with cancer of the uterine cervix was conducted
by Lewis et al. [38]. The authors found a better image quality with
64Cu-ATSM, because of lower noise and concluded that 64Cu-
ATSM appeared to be a safe radiopharmaceutical with high-quality
images of tumor hypoxia.
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Endometrial cancer

Fluorodeoxyglucose (FDG)-PET

The validity of FDG-PET has been mainly studied in the preop-
erative evaluation and the available data have not reached the
maturity observed in cervix cancers. One of the main issues in
this patient population is to select patients who require
lymphadenectomy.

Primary tumor staging
Suzuki et al. examined 30 patients with endometrial cancer and

compared PET, CT, MRI, and postoperative findings [39]. FDG-PET
was able to detect primary tumors, with a higher sensitivity:
96.7% versus 83.3% for CT/MRI. By contrast, Park et al. detected
no difference in sensitivity (91.5% for MRI versus 89.4% for PET),
specificity (33.3% for MRI versus 50.5% for PET), accuracy (84.9%
for MRI versus 84.9% for PET), positive predictive value (91.5% for
MRI versus 93.3% for PET), or negative predictive value (33.3% ver-
sus 37.5% for PET) for primary lesions [40].

Nodal staging
Kitajima et al. evaluated the accuracy of pelvic and para-aortic

lymph node metastasis detection in 40 patients with stage IA to
IIIC [41]. PET/CT was interpreted by two experienced radiologists
and was compared with histopathological findings. The overall
node-based sensitivity, specificity, and accuracy of PET–CT were
53.3%, 99.6%, and 97.8%, respectively. The authors concluded that
due to moderate sensitivity, even if PET–CT is superior to conven-
tional imaging techniques, it should not replace lymphadenec-
tomy. More recently, Kitajima et al. reassessed the accuracy of
PET–CT with the integration of contrast-enhanced CT in the detec-
tion of pelvic and para-aortic node metastasis [42]. Their conclu-
sion on a series of 45 patients were the same: the sensitivity for
detecting metastatic lesions 4 mm or less was 12.5%, for metastasis
between 5 and 9 mm 66.7%, and for metastatic lesions of 10 mm or
larger 100%. In the series reported by Suzuki, the conclusions were
similar: a negative PET in the detection of lymph node metastasis
would not justify omitting lymph node dissection if a precise
knowledge of the nodal status is necessary [39]. In the series of
Park et al. PET/CT showed higher sensitivity but the difference
did not reach statistical significance (p = 0.250) [40].

Chung et al. evaluated PET/CT in 31 patients with suspected
recurrent endometrial cancer [43]. The results showed high sensi-
tivity, specificity, and accuracy being 100%, 94.7%, and 92.3%,
respectively. In 22.6% of the patients, PET helped in modifying
the diagnosis or the treatment strategy.

So far, no study has been reported on clinical outcome compar-
ing PET–CT and MRI in endometrial cancer, as the treatment of
these tumors is mainly surgery. For the same reasons, no data have
been published on adaptive treatment.
Other PET tracers

In the study by Torizuka et al., already mentioned in the cervical
cancer section, comparing 11C-Choline PET and 18F-FDG PET, in
gynaecological cancers, 11 patients presented uterine corpus can-
cer [36]. All patients underwent surgery after PET examinations.
Surgical FIGO staging was Stage 0 for 1 patient (with endometrial
hyperplasia), Stage IA (tumor limited to the endometrium) in
two patients, Stage IB (invasion of less than 50% of the myome-
trium thickness) in five patients, Stage IC (invasion of more than
50% of the myometrium thickness) in one patient, and Stage IIIA
(serosa invasion) in two patients. Both 11C-choline PET and 18F-
FDG PET were true-positive in nine patients for the detection of
uterine corpus cancer. Both tracers were negative in the patient
with atypical hyperplasia. In one patient with diabetes, 11C-choline
PET could detect the tumor, whilst 18F-FDG PET was false-negative.
For nodal staging, both 11C-Choline PET and 18F-FDG PET were neg-
ative in all 11 patients and the negativity was surgically confirmed.
11C-Choline PET could therefore be an alternative to 18F-FDG PET,
especially in patients presenting with diabetes.
Conclusion

FDG PET appears to be an effective imaging technique in lymph
node staging of locally advanced cervix carcinoma patients with
negative CT findings. The results of PET–CT contribute to select
the optimal treatment plan and to customize the radiotherapy
planning by modifying radiation fields, and guide the brachyther-
apy planning. In endometrial cancer patients, this imaging modal-
ity may better select treatment strategies, especially in terms of
lymphadenectomy. Preliminary published data on cervical cancer
have indicated the prognostic value of post-therapeutic PET–CT
assessment. Further evaluations in prospective clinical trials are re-
quired to assess the clinical benefit of this strategy.
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