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e The possible impact of FDG-PET for target
volume delineation in head and neck cancer
has been investigated in several trials. All these
studies showed that FDG-PET could have a sig-
nificant impact on gross target volume (GTV)
delineation in comparison to CT (or MRI)
alone. Here, as in lung tumors, in about one
third of cases FDG-PET led to an increase in
GTYV, whereas in another one third of cases the
GTYV became smaller, if based on FDG alone.

® In recent years, PET tracers have been devel-
oped that can visualize biological pathways
with particular significance for tumor response
to the treatment. These are, for example, hy-
poxia, cell proliferation, and angiogenesis.

® Ongoing clinical studies will provide important
data on the added value of PET, dynamic MRI,
diffusion tensor MRI, and other recently devel-
oped imaging methods regarding target volume
delineation as well as response monitoring.

Abstract

Precise imaging of the primary tumor, the drainage
lymph nodes, and possible sites of distant metastases
is mandatory to stage a malignant disease, arrive at a
treatment recommendation, and eventually define an
accurate gross tumor and clinical target volume for ra-
diotherapy. Better target definition and delineation on a
daily basis is surely important in quality assurance for
fractionated radiation therapy. The availability of meta-
bolic images obtained by magnetic resonance (MR)
spectroscopy, positron emission tomography (PET),
and others impacts on staging, treatment planning, and
response monitoring. A broad range of techniques, in-
cluding dynamic magnetic resonance imaging (MRI),
PET, and single-photon emission computed tomogra-
phy (SPECT), provide measurements of various fea-
tures of tumor blood flow and microvasculature. Using
PET to measure glucose consumption enables visualiza-
tion of tumor metabolism, and MR spectroscopy tech-
niques provide complementary information on energy
metabolism. Changes in protein and DNA synthesis can
be assessed through uptake of labeled amino acids and
nucleosides. Advanced imaging techniques can be used
to assess tumor malignancy, extent, and infiltration, and
might provide diagnostic clues to distinguish between

lesion types. For the detection of metastatic lymph
nodes, lymphotropic nanoparticle-enhanced MRI using
ultra-small superparamagnetic iron oxide particles has
greater accuracy as compared with conventional tech-
niques and has been instrumental in delineating the
lymphatic drainage of the prostate gland. The focus of
the present chapter is the impact of PET on radiation
treatment planning.

Introduction

The first rationale for using positron emission tomo-
graphy (PET) in target volume delineation for radia-
tion treatment planning is the higher sensitivity and
specificity of PET for tumor tissue, in comparison to
computed tomography (CT) and magnetic resonance
imaging (MRI), in some tumor entities. This has been
demonstrated in many studies that compared the re-
sults of PET with the results of the radiological inves-
tigations and histology. The hypothesis tested in these
studies was that using PET in addition to CT and/or
MRI enables tumor tissue detection with a higher ac-
curacy. The ideal PET tracer in this situation should
be taken up homogenously from all the cells of the
whole tumor and the intensity of the PET uptake
should be directly proportional to the density of tumor
cells.

The second rationale for integrating PET in the pro-
cess of radiation treatment planning is the ability of PET
to visualize biological pathways, which can be targeted
by radiation therapy. The imaging of hypoxia, angiogen-
esis, proliferation, apoptosis, etc. leads to the identifica-
tion of different areas within an inhomogeneous tumor
mass, areas which can be individually targeted. For ex-
ample, hypoxic areas can be treated with higher radia-
tion doses than non-hypoxic areas.

The goal of this chapter is to discuss the use of PET
for target delineation in the process of radiation treat-
ment planning.

PET for Target Volume Delineation

The impact of PET for gross tumor volume (GTV) de-
lineation will be discussed based on three examples:
amino acids-PET in brain gliomas, fluorine-18-labeled
glucose analog fluorodeoxyglucose (FDG)-PET in lung
cancer, and FDG-PET in head and neck tumors.
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9.2.1
Amino Acids-PET and Single-Photon Emission
CT in Brain Tumors

"'C-labeled methionine (MET), "I-labeled alpha-meth-
yltyrosine (IMT), and 'F-labeled O-(2-fluoroethyl)-
L-tyrosine (FET) are the most important radiolabeled
amino acids used in the diagnosis of brain tumors.
These three tracers have shown a very similar uptake in-
tensity and distribution in brain tumors (LANGEN et al.
1997; WEBER et al. 2000). Currently available amino
acid-PET tracers are accumulated by L and A amino
acid transporters. Tumor cells take up radiolabeled
amino acids at a high rate, while there is only a relatively
low uptake in normal cerebral tissue. At the level of the
blood-brain barrier (BBB) they are independent from
the BBB disturbance.

Summarizing the data of the literature based on
a PubMed search (using the key words: methionine,
PET, and brain tumors) we found 45 clinical trials pub-
lished between 1983 and March 2007, including 1,721
patients. In 11 studies investigating 706 patients, the
data were analyzed using MET-PET-guided stereotac-
tic biopsies. The main message of the trials is that the
sensitivity and the specificity of MET-PET for tumor
detection and tumor tissue extension are significantly
higher in comparison to MRI, CT, or FDG-PET (WE-
BER et al. 2008).

We evaluated the impact of MET-PET in target vol-
ume delineation for radiation treatment planning, com-
pared to MRI, in 39 patients with brain gliomas after tu-
mor resection (GRosU et al. 2003, 2005a). MET uptake
corresponded to the gadolinium (Gd) enhancement in
only 13% of the cases. In 74% of the patients MET vol-
ume extended beyond the contrast-enhancing regions,
indicating residual tumor. In 69% of the cases Gd en-
hancement could be outlined beyond the volume of
MET uptake, showing postoperative BBB disturbance.
Similar results were also reported evaluating the impact
of IMT-single-photon emission CT (SPECT) in target
volume delineation in non-resected (GrRoSU et al. 2000)
and resected (GROSU et al. 2002) patients with gliomas.
Focal IMT uptake after tumor resection was highly cor-
related with poor survival, suggesting that amino acids
are specific markers for residual tumor tissue (WEBER
etal. 2001). The first study evaluating the value of MET-
PET or IMT-SPECT for treatment outcome was per-
formed in 44 patients with recurrent gliomas re-irradi-
ated using stereotactic fractionated radiotherapy (SFR)
(Grosu et al. 2005b). A prospective non-randomized
trial has shown that in patients treated based on amino
acids-PET or -SPECT, the median survival time was
significant higher (9 months) in comparison to patients

treated based on CT/MRI alone (5 months, p=0.03).
The results of this pilot study have yet to be verified in a
randomized trial.

9.2.2
FDG-PET in Gross Tumor Volume Delineation
of Lung Cancer

In lung cancer, the diagnostic accuracy of FDG-PET is
between 85% and 90% (Figs. 9.1, 9.2) (DWAMENA et al.
1999; HELLWIG et al. 2001; MACMANUS et al. 2001). In
the late 1990s this promising diagnostic performance
led to the idea of integrating PET into radiotherapy
planning (MUNLEY et al. 1999; NESTLE et al. 1999).

In earlier reviews (GrRosu et al. 2005c; NESTLE
et al. 2002, 2006) the literature about the integration of
FDG-PET in radiotherapy planning of non-small cell
lung cancer (NSCLC) has been surveyed. To date, over
20 studies in more than 600 patients have shown that
the use of FDG-PET image data may lead to an advan-
tage for the patient. The main sources of this possible
advantage are the better coverage of the primary tumor
and the protection of healthy tissue. In this context it is
interesting that the FDG-based target volumes may be
both smaller or larger compared to CT-based ones. The
high percentage of changes in target volumes by FDG-
PET (20-100%) reported in the literature concerning
various parameters of the planning process (field sizes,
GTYV, clinical target volume [CTV], planning target
volume [PTV], normal tissue complication probability
[NTCP], etc.) is mainly caused by two factors: the abil-
ity to distinguish the tumor from collapsed lung tissue
(atelectasis) and the higher accuracy of FDG-PET in
lymph node staging compared to CT. However, because
inflammation in the collapsed lung may also lead to
FDG accumulation, PET does not help with GTV defi-
nition in these cases.

A significant parameter, especially in the context of
collapsed lung tissue, is the reduction of interobserver
variability (IOV) of the GTV delineation by FDG data
integrated in the planning process. Here, several au-
thors have shown clear improvements (CALDWELL
et al. 2001; STEENBAKKERS et al. 2006; VAN DE STEENE
et al. 2002). The Toronto group (CALDWELL et al. 2001)
demonstrated a reduction of the IOV from 1:2.3 to 1:1.6
after adding FDG-PET information to CT images for
GTYV delineation of advanced NSCLC.

However, despite the improvement of the IOV, the
gold standard method for the delineation of the GTV
has not been set yet. The problem is the low resolution
of PET images, which is caused by physical factors (size
of the detector crystals, positron range in matter, non-
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collinearity of annihilation gamma rays, and detector
scatter) (CHERRY 2006), and also by biological factors
(movements of the target during acquisition due to rela-
tively long acquisition times), which leads to a blurred
margin of the accumulating structure (NESTLE et al.
2006).

Various methods are used for the delineation of FDG
accumulations for GTV contouring. Easily applicable is
the visual contouring by the physician, in analogy to
the method used with CT-based contouring. However,
a significant IOV remains (PoTzscH et al. 2006). To
improve this IOV, clinical protocols have been applied
(MacManus et al. 2007) and have succeeded in a sig-
nificant convergence of FDG-based GTVs contoured
by different observers. However, visual contouring re-
mains observer dependent and by further distribution
of the method into clinical practice, the varying expe-
rience of the radiotherapist with PET will influence

Fig. 9.1a-c. A 63-year-old male with NSCLC of the right
upper pulmonary lobe. On CT N2 disease was suspected
based on a pathologically enlarged lymph node in the me-
diastinum (arrow in a). FDG-PET (b) and FDG-PET/CT
(c) demonstrate homogeneous tracer distribution without
focally increased FDG uptake staging this patient as NO. His-
topathology verified an NO nodal status

the quality of visual GTV contouring. Therefore other
methods for automatic and/or semiautomatic thresh-
old contouring of the—often high contrast—FDG ac-
cumulations have been reported. Easily applicable at
most PET and/or radiotherapy planning systems is
the use of a threshold of a fixed FDG concentration,
expressed as standardized uptake value (SUV, i.e., de-
cay-corrected tissue activity/tissue volume divided by
injected activity/body weight). However, there are nu-
merous technical and biological factors influencing the
SUV. Furthermore, the FDG accumulation in normal
tissues may vary, being even higher than the thresh-
old values suggested in the literature (e.g., SUV=2.5).
Therefore, other than for diagnostic purposes where
the maximum SUV of a lesion may give an impression
of the malignancy of the lesion, the use of a fixed SUV
threshold is not suitable for GTV contouring. Also eas-
ily applicable at most systems is a threshold relative to

b
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Fig. 9.2. These images are from a 70-year-old male with recurrent small-cell lung cancer evaluated for CyberKnife treatment of
an isolated right adrenal lesion. PET/CT showed previously unsuspected mediastinal, left adrenal, and retroperitoneal disease

the maximum FDG accumulation of the lesion. This
method is derived from the imaging of homogenous
structures such as phantoms filled with radioactivity.
In 1997, ERDI et al. used 40% of the maximum FDG
accumulation for contouring 17 homogenous lung
metastases leading to volumes that were comparable
to those measured by CT. Thus, many groups have
used this method since then. Meanwhile, it has been
shown that ungated PET images may depict the prob-
ability of the presence of lung tumors over the whole
breathing cycle (CALDWELL et al. 2003; YAREMKO et al.
2005), which means that the “true” volume of a lung le-
sion contoured in an FDG-PET dataset must be by the
amount of breathing excursions larger than the volume
measured in CT. Furthermore, lung tumors often show
a relatively inhomogeneous FDG accumulation. There-
fore, it has been shown that applied in primary lung
tumors, thresholding by a percentage of the maximum

accumulation intensity may lead to insufficient cover-
age of lesions (NESTLE et al. 2005).

More promising is the use of contrast-dependent
methods (SCHAEFER et al. 2008). These methods use
the information on the accumulation intensity in the
questionable lesion as well as in the neighboring back-
ground. An example of a relatively simple contrast-ori-
ented method is the “Homburg algorithm” (SCHAEFER
et al. 2008; NESTLE et al. 2005, 2007):

Ithreshold = A X Ilesion +B x Ibackground

Here, Iigon is the mean FDG accumulation (SUV or
Intensity) of a 3-D isocontour of, for example, 70% of
the maximum of the lesion, while Ijaugound 1S the mean
FDG accumulation in the surrounding normal tissue.
A and B are parameters that mainly depend on the im-
aging characteristics of the PET system, which has to
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be determined by phantom measurements (SCHAEFER
et al. 2008). Other contrast-oriented algorithms lead to
similar contouring results and also need a calibration by
phantom measurements.

In our experience, other than absolute or relative
SUVs, contrast-oriented algorithms are quite robust
under clinical conditions. However, the calibration
to the PET and radiotherapy planning system used is
mandatory (NESTLE et al. 2005, 2006, 2007). As techni-
cal factors like the methods of reconstruction, attenu-
ation correction of PET images, and data transfer do
influence PET imaging, they have to be defined before
and kept constant after calibration.

Overall, it must be kept in mind that the choice of
the method for GTV contouring may have a significant
impact on the size of the GTV (NEsTLE et al. 2005) and
that the most important factor in PET-based GTV de-
lineation is the close collaboration of nuclear medicine
and radiotherapy departments on the side of the medi-
cal as well as on the side of the physical and technical
staff.

Crucial points in this context are patient position-
ing and image coregistration. It must be kept in mind
that patient position may change, not only between
acquisition on stand-alone PET and CT scanners, but
also during PET/CT acquisition. Not correcting for the
consequent differences in tumor localization leads to a
geographical miss, if PET-derived GTVs are transmit-
ted to CT datasets without critical evaluation of the
quality of coregistration. This is best done by compar-
ing anatomical landmarks detectable by both imag-
ing techniques, such as carina tracheae, lung apices,
spine, sternum, thoracic wall, and—with care due to
breathing mobility—diaphragm. Although non-rigid
coregistration algorithms may solve some of the po-
sitioning problems, at the moment, rigid coregistra-
tion algorithms are the method of choice. It may well
be that the deformation of the image data caused by

» Fig. 9.3a-d. Central necrosis of metastatic lymph nodes.
a,b Bilateral nodal metastases of oropharyngeal SCC. a Post-
contrast CSE T1-weighted coronal image with FS shows three
different metastatic nodal patterns: (1) an area of low signal
intensity surrounded by an intensely contrast-enhanced rim
(black curved arrow); (2) an area of intermediate signal inten-
sity with a bright rim (thin white arrow); (3) an area of inter-
mediate signal intensity partially “obscured” by an intensely
“flashing” rim (thick white arrow). Fat is well suppressed at the
level of the white star, but less satisfactorily so at the level of
the white notch. b FSE T2-weighted coronal image without FS
in a strictly similar slice location to 3a clearly reveals central
necrosis as a very bright cystic area within the node display-

non-rigid algorithms may result in geometrical inex-
actnesses or geographical misses, especially in tumors
which are not clearly depicted by the morphological
method. Unfortunately, these are the cases in which
the integration of FDG-PET into radiotherapy plan-
ning is most helpful. Further research is needed to clar-
ify this point.

The highest possible benefit for the patients from
FDG-based radiotherapy planning can only be gained
if, due to the exact depiction of tumor localization by
PET, the irradiation of normal tissues can be omitted.
In lung cancer, this would mean departing from the
clinical concept of “elective nodal irradiation” (ENI) of
large macroscopically normal parts of the mediastinum
when defining the CTV (Kiricuta 2001). Omitting
ENI could lead to a significant protection of highly
radiosensitive normal tissues, for example lung, with
the consequence of obtaining higher irradiation doses
in the tumor. First clinical data with (DE RUYSSCHER
et al. 2005) and even without FDG-PET (ROSENZWEIG
et al. 2007) have shown that the risk of “out of field” re-
currences after targeting the macroscopic tumor alone
is small, much smaller than the risk for local (“in field”)
tumor progression. However, prospective randomized
clinical studies will have to show that this policy is safe
and beneficial for the patients. The data from 26 patients
with NSCLC treated with involved-field radiotherapy
who had local failure and a post-radiotherapy PET
scan were analyzed by Sura et al. (2008). The patterns
of failure were visually scored and defined as follows:
(1) within the GTV/PTV; (2) within the GTV, PTYV,
and outward; (3) within the PTV and outward; and
(4) outside the PTV. Local failure was also evaluated as
originating from nodal areas versus the primary tumor.
All the patients had recurrence originating from their
primary tumor. Of 8 primary tumors that had received
a dose of <60 Gy, 6 (75%) had failure within the GTV
and 2 (25%) at the GTV margin. At doses of 260 Gy,

ing the lowest T1 signal intensity (black curved arrow), whereas
the other nodes are not necrotic-cystic. ¢,d Close-ups of meta-
static jugular nodes of an infiltrating SCC of the right vallecula
(white notch). ¢ Post-contrast CSE transverse T1-weighted im-
age without FS. Necrotic areas within the nodes display very
low signal intensity (arrowheads). A non-necrotic lymph node
(arrow) and submandibular gland (double arrows) exhibit simi-
lar signal intensity. d FSE T2-weighted transverse image with-
out FS in a similar slice location to that in 3¢ shows very bright
signal intensity of the nodal necrotic-cystic areas. Signal inten-
sities of the non-necrotic node and the submandibular gland
are significantly different
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6 (33%) of 18 had failure within the GTV, 11 (61%)
at the GTV margin, and 1 (6%) was a marginal miss
(p<0.05). The authors concluded that with lower doses,
the pattern of recurrences was mostly within the GTV,
suggesting that the dose might have been a factor for
tumor control, whereas at greater doses, the treatment

failures were mostly at the margin of the GTV. They
also mentioned that visual incorporation of PET data
for GTV delineation might be inadequate, and more
sophisticated approaches of PET registration should be
evaluated.
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9.2.3
FDG-PET in Head and Neck Cancer

Anatomical imaging continues to provide important
information on disease extent and prognostic factors,
as illustrated in Fig. 9.3. However, other imaging meth-
ods are being used in addition to CT and MRI. GAMB-
HIR et al. (2001) summarized the data of eight studies
(468 patients) that evaluated the impact of FDG-PET
in staging of head and neck cancer: the average sensi-
tivity and specificity for FDG-PET were 87% and 89%,
respectively, whereas for CT were 62% and 73%, respec-
tively. For tumor diagnosis the sensitivity and specificity
of FDG-PET, assessed in seven trials incorporating 193
patient studies, were 93% and 70%, in comparison to
CT with 66% and 56%, respectively. However, the stan-
dard diagnosis of tumor infiltration in head and neck
cancer remains the histological evaluation.

Since this analysis was published, more advanced
data have been reported: Liu et al. (2007) performed a
systematic review of the performance of FDG-PET in
head and neck cancer, namely about diagnosis of re-
sidual or recurrent nasopharyngeal carcinoma. In this
thoroughly conducted analysis of data from 1,813 pa-
tients, FDG-PET compared to CT and MRI is by far the
method with the best diagnostic performance: the over-
all sensitivity of PET being 0.95 and 0.9 versus 0.76 and
0.59 for CT and 0.78 and 0.76 for MRI.

Furthermore, the new technology of combined
PET/CT has been brought into the clinic and was evalu-
ated by several groups. Hybrid PET/CT enables a better
correlation of FDG accumulations with anatomy, which
is very helpful for the interpretation of PET scans in the
topographically complex head and neck region. Overall,
it has been shown that the diagnostic accuracy of PET/
CT, especially concerning equivocal findings, is higher
compared to that of PET alone (JEONG et al. 2002) and
maintains the superiority of FDG-PET compared to
CT (ScHWARTZ et al. 2005a) and to MRI (DRESEL et al.
2003).

However, as in lung cancer, the diagnostic accuracy
of FDG-PET and/or PET/CT in head and neck cancer
is not 100%. The main causes for false-negative findings
are again the presence of micrometastatic disease in
lymph nodes or very small primary lesions. False-neg-
ative PET results may also be caused by flat superficial
growth, which is not uncommon in this area (DRESEL
et al. 2003). In a group of 116 patients with mixed stage
and site primary or recurrent head and neck tumors,
DRrEsEL et al. (2003) diagnosed 86% of the tumors and
82% of the involved cervical lymph nodes correctly,
translating to false-negative rates of 14-18%. In a highly
preselected group of operated clinically NO patients

with oral cancer, with 9/142 histologically metastatic
lymph node levels, SCHODER et al. (2006) described 3/9
false FDG-negative lymph node levels (1 directly adja-
cent to the primary tumor). Therefore, the rates of false-
negative FDG-PET findings in head and neck patients
seem to be higher than in lung cancer, although no
meta-analysis on this topic has been performed yet. For
the surgical treatment, however, it has been concluded
that management of cervical lymph nodes should not
be based on FDG-PET/CT alone.

False-positive FDG-PET findings, as was also seen
in the Schoder group of patients and in many other di-
agnostic studies (CHAN et al. 2006; DRESEL et al. 2003;
GOSHEN et al. 2006), may be caused by inflammation
accounting for 6/133 false FDG-positive neck levels
caused by inflammatory lymphoid hyperplasia in the
Schéder data. False-positive FDG accumulations may
furthermore be found in the metabolically active lym-
phoid tissues of the tonsils, the base of tongue, and the
Waldeyer’s ring, while a variable symmetric or asymmet-
ric uptake may be seen in salivary glands and may also
be variable in muscles, including the larynx, depending
on the activities of the patient after injection of the FDG
(ABOUZIED et al. 2005). By including the anatomical in-
formation of CT (NAKAMOTO et al. 2005), the rates of
false-positive FDG-PET/CT findings appear lower than
those reported in the earlier literature on FDG-PET
alone (GOSHEN et al. 2006; ZIMNY et al. 2002).

There are two main technical problems in FDG-
based definition of target volumes for patients with head
and neck cancer: coregistration and GTV delineation:
1. Coregistration is a delicate problem in the head

and neck area. Impreciseness in coregistration of

some millimeters may soon lead to a significant
geographical miss in the complex flexible anatomy
with the structures of interest being relatively small.

When using rigid coregistration algorithms, posi-

tioning aids like masks used for radiotherapy must

be used for the PET acquisition, too. If these are
not used, PET scans from this area of the body can
not be rigidly registered to a planning CT or MRI
with sufficient accuracy. Although non-rigid coreg-
istration algorithms are advocated by some authors
(IRELAND et al. 2007) to solve the positioning prob-
lem, it has not yet been proven that with non-rigid
coregistration of image data the tumor structures
are registered correctly to anatomical imaging. To
our knowledge there is no method available to date
that can take into account, for example, the differ-

ent grades of rigidity of anatomical structures (e.g.

bone, soft tissue, airways, etc.) in the head and neck

area. Therefore, further research is needed at this
point. Until then, thorough patient positioning for




Tumor Imaging with Special Emphasis on the Role of Positron Emission Tomography in Radiation Treatment Planning

161

PET, CT, and treatment application and rigid image
coregistration is mandatory.

2. FDG-based delineation of the GTV is another chal-
lenging problem. The key feature in this context is
that the structures of interest are relatively small
compared to a voxel size of PET. Including one set of
surrounding voxels more or less into the GTV may
lead to significant changes of volume, and therefore
of tumor covering on one side and normal tissue
complications on the other side. As had been seen
by FORD et al. (2006), who compared different per-
centages of the maximum intensity as thresholds,
the Nijmegen group (SCHINAGL et al. 2007) also
showed large differences in the resulting volumes
between various methods applied for GTV contour-
ing, which led to differences of nearly 100%. The
Nijmegen group concluded that, as in lung cancer,
a contrast-oriented method (source/background
ratio) seems preferable. The Ghent group (DAISNE
et al. 2003, 2004) showed that by contouring lar-
ynx cancers preoperatively by a contrast-oriented
method the results in comparison to pathological
specimens were more accurate than CT- and MRI-
based GTV delineation. However, in a later planning
trial on intensity-modulated radiotherapy (IMRT),
the same group (GEETS et al. 2007) favored another,
gradient-based method.

In a first clinical trial with 41 patients, the group of
MADANTI et al. (2007) performed an FDG-guided focal
dose escalation using IMRT for patients with head and
neck cancer. While applying conservative doses to elec-
tive lymph node levels, doses to GTVs defined by CT
and FDG-PET were escalated up to a NID,g, of 78.2 Gy.
However, in preliminary evaluation of the pattern of
recurrence, 4/9 locoregional recurrences were located
outside the PET-defined GTV and 1/9 at the border of
the PET-defined GTYV, although the above-mentioned
contrast-oriented method for FDG-based GTV con-
touring was used, which had been verified by correlation
with pathological specimens (DAISNE et al. 2004). Pos-
sible reasons for the relatively high rate of recurrences
outside the PET-defined GTV are false FDG-negative
nodal disease together with steep dose gradients in the
IMRT plans and the fact that not all patients received
concomitant chemotherapy. However, the other 4/9 lo-
coregional recurrences appeared within the high-dose
volumes showing the need for further dose escalation
to the gross tumor while 9/14 relapsing patients had
distant metastases, supporting the need for additional
chemotherapy.

The possible impact of FDG-PET for target volume
delineation for radiation treatment planning has mean-

while been investigated in nine trials (CIERNIK et al.
2003; CONNELL et al. 2007; DAISNE et al. 2004; GEETS
et al. 2007; N1sHIOKA et al. 2002; PAULINO et al. 2005;
RAHN et al. 1998; SCARFONE et al. 2004; SCHWARTZ
et al. 2005b) incorporating 248 patients with different
tumor stages and locations. All these studies showed
that FDG-PET could have a significant impact on GTV
delineation in comparison to CT (or MRI) alone, the
results ranging between 9% and 100% of the cases.
Here, as in lung tumors, in each about one third of
cases FDG-PET led to an increase of GTV, whereas in
another one third of cases the GTV became smaller, if
based on FDG alone. Therefore, an FDG-based radio-
therapy of head and neck cancer patients might lead to
a significant gain in normal tissue protection especially
concerning the parotid gland, with a relevant improve-
ment of quality of life.

Overall, the optimum method for GTV delineation
in this area has not been defined yet. In the end, the re-
sults of further clinical trials will have to show if it is
beneficial to use FDG-PET-based GTV reduction in the
radiotherapy planning of head and neck tumors.

PET for Visualization of Tumor Biology

In recent years, PET tracers have been developed that
can visualize biological pathways with particular sig-
nificance for tumor response to the treatment. These
are, for example, hypoxia, cell proliferation, and angio-
genesis. The volumes defined by using images acquired
after injection of these tracers may be used as subvol-
umes of the tumor, like a target within the GT'V, which
could be irradiated with a higher dose, for example by
IMRT. This concept is called “dose painting,” and is as
yet a promising hypothesis waiting to be validated by
clinical and experimental data (BENTZEN 2005; BRAD-
LEY et al. 2004; Buck et al. 2005; LING et al. 2000, 2004;
TANDERUP et al. 2006).

9.3.1
Hypoxia

Hypoxia, ie., an insufficient tissue oxygenation, is a
well-known factor causing radioresistance of cells.
Clinically, low tumor oxygenation, for example in pa-
tients with head and neck tumors, has been shown to
be associated with a poor prognosis after radiotherapy
(NOorDSMARK et al. 2005). Although the underlying
mechanisms of radioresistance are still subject to inves-
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tigation (KORITZINSKY et al. 2005; TROOST et al. 2005;
WiLL1aMS et al. 2005; YAROMINA et al. 2005), it appears
very interesting to image hypoxia in vivo in order to
increase local doses to radioresistant regions. Several
bioreductive substances have been evaluated as hypoxia
tracers. The tracers investigated are mainly nitroimida-
zole compounds, for example [*F]-fluoromisonidazole
([**F]-FMISO), which was the first nitroimidazole com-
pound developed for PET, ['*I]-iodoazomycin ara-
binoside (['*I]-IAZA) and ["*F]-azomycin arabinoside
([**F]-FAZA). With these tracers, the bioreductive mol-
ecule attracts a single electron leading to free radical
metabolites that are further reduced and bound to cell
constituents under hypoxic conditions. [*Cu]-labeled
methylthiosemicarbazone ([*Cu]-ATSM) has also be-
ing proposed for hypoxia imaging.

The first data about the use of hypoxia PET for the
visualization of a hypoxic subvolume were published
by a group at the University of Washington (KoH et al.
1995; RASEY et al. 1996). Based on experimental and
clinical data, they considered a tumor pixel with a tu-
mor/blood [*F]-FMISO ratio >1.4 at the late image
acquisition interval (120 min following injection) as
indicative for the presence of hypoxia. Therefore, the
percentage of pixels within the imaged volume that had
a tumor/blood ["*F]-FMISO ratio >1.4 were defined as
fractional hypoxic volume (FHV). The authors assessed
the dynamics of FHV during radiotherapy in 7 patients
with NSCLC and showed that it decreased from the be-
ginning to the end of the treatment (KoH et al. 1995).
In a study published about 10 years later, the Tiibingen
group assessed the predictive value of [*F]-FMISO af-
ter radiation therapy in 14 patients with NSCLC and 26
patients with head and neck cancer (EsCHMANN et al.
2005). In the lung cancer group SUV measured 4 h
after tracer injection did not correlate with the tumor
recurrence after radiotherapy, whereas in the head and
neck group for an SUV >2 the correlation was statisti-
cally significant. A tumor-to-mediastinum ratio >2 was
a predictive factor for local recurrence in the lung can-
cer group. The authors performed qualitative analysis
of time-activity curves and defined three curve types:
rapid tracer washout, intermediate (delayed) washout,
and a tracer accumulation curve. The tracer accumula-
tion curve correlated with a higher incidence of local
recurrence, while the rapid-washout curve was a pre-
dictive factor for better local tumor control.

[“Cu]-ATSM is a bioreductive molecule also being
proposed for tumor hypoxia imaging. In a trial includ-
ing 14 patients with NSCLC treated with radiation and/
or chemotherapy it was shown that the mean tumor-to-
muscle activity ratio before treatment was significantly

lower in responders (1.5+0.4) than in non-responders
(3.4£0.8; p=0.002). The tumor/muscle ratio of 3 could
discriminate the responders from non-responders.
The mean SUV for [“Cu]-ATSM was not significantly
different in responders versus non-responders (DEH-
DASHTI et al. 2003). GRosU et al. (2007) evaluated the
distribution of hypoxia in 18 patients with head and
neck tumors using FAZA-PET. The hypoxic subvol-
ume was located in a single confluent area in 61% of
patients, was diffusely dispersed in the whole tumor
mass in 22%, and missing in 17%. Only patients with
a confluent distribution of the tracer would be suitable
for a dose painting approach based on hypoxia. How-
ever, such an approach could lead to a dose escalation
to 105 Gy in tumor without exceeding the normal tissue
tolerance (LEE et al. 2008).

The results of these studies could open new perspec-
tives for radiation treatment planning. They demon-
strated the feasibility of in vivo PET studies performed
with tracers which in experimental models were closely
related to tissue hypoxia. Furthermore, they showed,
even in a small number of patients, a significant cor-
relation between hypoxia-tracer uptake and treatment
response. However, clinical trials analyzing the impact
of FHV as a target for radiation treatment planning in
lung cancer have not been done so far.

In the preparation of such trials, several issues have
to be addressed. Firstly, the tracer used for radiotherapy
application must be carefully chosen. It would ideally be
captured specifically by hypoxic cells using an oxygen-
specific retention mechanism, be sufficiently delivered
in a perfusion-limited microenvironment, produce a
low level of non-specific metabolites, and have no la-
beled metabolites of hypoxia tracers found in the circu-
lation at the time of imaging. Secondly, the method of
quantification must be sorted out. Considering the phe-
nomena of perfusion, diffusion, and hypoxia-induced
tracer retention and inspired by recent immunobhis-
tochemical investigations with the hypoxia tracer pimo-
nidazole (BussINk et al. 2003), the Tiibingen group pro-
posed that the kinetic model is a more valid criterion to
quantify hypoxia in vivo than a criterion based on static
SUV at an early time point. However, depending on the
tracer used, static imaging, which is much easier to im-
plement in the planning process, may also be feasible.
Thirdly, the method of application of radiotherapy must
be chosen. To date, two IMRT models are proposed:
The model of CHAO et al. (2001) is defined as a target in
target, which by using IMRT is irradiated with a higher
dose than the rest of the tumor. In a more sophisticated
technique, ALBER et al. (2003) propose a method which
allows the inclusion of biological imaging data in the
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optimization of IMRT to produce an image intensity
based dose modulation, voxel by voxel.

An essential question, however, is how to account
for setup variations and target movements. Due to the
relatively low contrast of hypoxia-PET images, con-
touring hypoxia targets can be expected to pose more
problems than [®*F]-FDG imaging already does. Fur-
thermore, setup and target movement errors have to
be applied when using these data for PTV delineation.
Depending on the quality of immobilization, it may be
necessary to apply margins to every voxel of the GTV
with a defined dose prescription.

Another essential question addresses the reproduc-
ibility of the intratumoral distribution of hypoxia. In a re-
cent study NEHMEH et al. (2008) evaluated the dynamics
of the FMISO uptake in PET over 3 days in 14 patients
with untreated head and neck tumors. The authors de-
scribe variability in spatial hypoxia tracer uptake. Only
6/13 patients had well-correlated intratumoral distribu-
tions of FMISO, suggestive of chronic hypoxia.

In the end, the results of such clinical trials will have
to be awaited to find out about the clinical benefit from
hypoxia-based dose intensification.

9.3.2
Proliferation

The proliferation of tumor cells is the basic mechanism
for malignant growth. Therefore, it has been tried to
image this parameter, which is thought to be more spe-
cific for malignancy compared to, for example, glucose
consumption. ['*F]-fluorine-labeled thymidine analog
3'-deoxy-3'-["°F]-fluorothymidine (FLT) is retained in
the cell after phosphorylation by thymidine kinase 1,
whose levels correlate with cell proliferation.

The FLT uptake in malignant tissue, measured by
SUV, seems to be generally lower than the [*F]-FDG
uptake. The sensitivity seems to be higher for primary
tumors than for lymph node metastases (Buck et al.
2005). Furthermore, the specificity of the tracer is not
100%: proliferation of lymphocytes and non-specific
increased accumulation due to increased perfusion and
vascular permeability could lead to false-positive results
(SHIELDS et al. 1998; YAP et al. 2006).

Until now, there are no trials analyzing the impact
of FLT-PET on radiation treatment planning. However,
it visualizes a biological pathway with a high impact in
tumor treatment. Therefore, it could play an important
role in the development of new image-based dose
distributions and guide treatment fractionation strategies
and deserves to be investigated in future clinical trials.

9.3.3
Angiogenesis

The avP3 integrin is an important receptor for cell ad-
hesion involved in tumor-induced angiogenesis and
metastasis. It mediates migration of activated endothe-
lial cells through the basement membrane during for-
mation of new blood vessels. Particularly interesting is
that this integrin is expressed only on the cell surface
of tumor cells or activated endothelial cells, and not on
normal endothelial cells of established vessels. HAuB-
NER et al. (2001) and BEER et al. (2007) described the
noninvasive imaging of avp3 integrin expression using
F18-labeled RDG-containing glycopeptide and PET.
In squamous cell carcinoma of head and neck, for ex-
ample, avf3 integrin seems to be expressed on the en-
dothelial cells and not on the tumor cells. This suggests
that RGD-PET could be used as a surrogate for the vi-
sualization and evaluation of tumor angiogenesis (BEER
et al. 2007).

Conclusion

PET could improve the delineation of GTV in some tu-
mor entities like brain tumors, lung cancer, and head
and neck cancer. Therefore, its impact on the clinical
outcome has to be evaluated in prospective trials. The
role of PET for the visualization of tumor biology is
unclear. However, this approach could open new per-
spectives in treatment planning and monitoring of solid
tumors and has to be assessed in the future in experi-
mental and clinical studies.
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