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General Introduction and Outline






GENERAL INTROCUCTIOM AND OUILINE

Squamous cell carcinomas of the head and neck have an annual incidence of 850000
patients worldwide and 2400 patients in the Netherlands [1], It is the fifth most common
malignancy in men, and the eighth in women. In western counties, patients typically have
a history of alcohol and nicotine abuse, although there is increasing evidence concerning
the role of the human papilloma virus in carcinogenesis in relatively young non-smoking
oropharyngeal cancer patients [2-5], in parts of Africa and in parts of Asia, infection with
the Epstein-Barr virus and betel quid chewing play a significant role in the development
of nasophayngeal and oral cancer, respectively [4,6]. Patients can often present with an
advanced stage of the disease: large primary tumors and frequently uni- or bilateral
cervical lymph node metastases. If there are no signs of distant metastases (primarily
lung-and/or bone metastases), intensive local or loco-regional treatmentis recommended.
Treatment can consistof surgical resection ofthe primary tumor and cervical lymph node
levels (sometimes followed by postoperative (chemo)radiotherapy), definitive (chemo)
radiotherapy of the primary tumor and (potentially) affected regional lymph nodes.
Chemotherapy can be used as an induction treatment potentially leading to downstaging
of the tumor, or it can be used to enhanced radiotherapy efficacy [7-13]. In most cases
radiotherapy is the prime modality, as organ preservation strategies are increasingly
preferred [12-14],

Radiotherapy has seen tremendous technological progress in recent years. Dose delivery
with high geometrical precision is increasingly possible due to the introduction of
stereotactic radiotherapy, radiosurgery, intensity modulated radiotherapy (IMRT) and
three-dimensional planning of brachytherapy [15], The current Standard of target volume
definition is based on information gathered by physical examination, and anatomical
imaging such as computed tomography (CT) and magnetic resonance imaging (MRI). CT
with intravenous iodine contrast agent is the imaging modality of choice for tumors of the
larynx and hypopharynx. It enables localization and delineation of the primary tumor,
(metastatic) lymph nodes, and surrounding tissues that are possibly invaded by the
primary tumor, such as the thyroid cartilage. MRI with intravenous administration of
gadolinium is the preferred modality for tumors of the oral cavity and oropharynx. MRI
delivers supreme soft tissue contrast, whereby it is possible to, for instance, differentiate
between malignant tumor infiltration and benign deep tongue musculature. In recent
years new methods of tumor visualization have been introduced in oncology. Imaging
techniques such as positron emission tomography (PET), single-photon emission
computed tomography (SPECT), magnetic resonance spectroscopy (MRS) and diffusion
weighted MRI (DW-MRI) are able to visualize biological characteristics of tumors, providing
information on metabolism, physiology and molecular biology of tumor tissue [15]. PET is
a highly sensitive imaging modality with a relatively good temporal, but limited spatial
resolution. The administered radionuclide emits positrons that annihilate with electrons
producing two photons simultaneously traveling in opposite directions. These photons
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are subsequently detected on a ring of crystals arranged around the volume of interest.
Coincidental events result in a "sinogram" that is finally reconstructed for image display.
PET enables in vivo imaging of biologically active molecules, such as peptides, hormones,
metabolites and pharmaceuticals. A variety of tumor characteristics, such as, glucose
metabolism, hypoxia, proliferation and receptor expression can be non-invasively
visualized with PET using specific radiopharmaceuticals. PET may support the localization
and delineation of the primary tumor and possibly of the regional metastatic lymph
nodes. The PET signal may also hold relevant information on overall tracer uptake within
the lesion and on its intratumoral heterogeneity. 1&-fluorodeoxyglucose (FDG) isthe most
widely used PET tracer in oncology, applied for tumor detection, staging, and treatment
response monitoring [16], FDG-PET can provide important complementary information
for treatment planning in head and neck cancer, facilitating normal tissue sparing and
dose escalation to resistant tumor subvolumes [17-19]. Awell known limitation however, is
the false positive PET signal caused by FDG accumulation by inflammatory cells; in head
and neck cancer this is potentially frequent as the primary squamous cell carcinomas are
often ulcerative lesions accompanied by reactive cervical lymph nodes.

Outline of the thesis

This thesis deals with the role of FDG-PET in radiation treatment planning of head and
neck carcinomas. The current Standard of target volume definition is based on information
gathered by physical examination, and anatomical imaging modalities such as CT and
MRI. Molecular imaging techniques for tumor visualization such as PET provide insight
into tumor characteristics and can be complementary to the anatomical data.

In chapter 2 an introductory overview regarding the role of PET in radiation treatment
planning is given. The focus is on the potential impact of adding PET information to the
current Standard of target volume definition. The following three issues are discussed:
First, can PET identify the primary tumor? Second, can biological tumor characteristics be
visualized? Third, can intratumoral biological heterogeneity be identified?

The integration of PET information into CT-based radiation therapy planning requires a
reliable image registration procedure. The aim in chapter 3 is to select the optimal
method for software fusion of dedicated PET and CT, and to validate the procedure for
external beam radiation in the head and neck area.

The application of FDG-PET data for target volume delineation is not straightforward, as
identification of tumor boundaries on PET suffers from a relative low spatial resolution and
a "blurry" appearance of lesions. Furthermore, FDG-PET usually is interpreted qualitatively
in diagnostic nuclear medicine, whereas in radiation oncology a more quantitative
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approach is required for tumor contouring. In chapter 4, we compare different methods
for tumor delineation with FDG-PET relative to CT-based delineation for radiation
treatment planning in patients with head and neck cancer.

Radiation oncologists often encounter the dilemma of marginally enlarged lymph nodes
when delineating the radiation target volume of a head and neck cancer patiént. A
number of CT criteria are used to assess the presence or absence of metastatic tumor
within lymph nodes, these are often a compromise between sensitivity and specificity.
FDG-PET has not provided aclear advantage in the nodal staging of head and neck cancer
when compared to CT and MRI. However, this does not disqualify FDG-PET as a potential
useful tooi for delineation of the lymph node target volume in radiotherapy planning.
Therefore, chapter 5 describes the comparison of several FDG-PET segmentation
methods to the current CT-based practice of lymph node assessment in order to evaluate
the role of FDG-PET in radiotherapytargetvolumedefinitionoftheneckin head and neck
cancer patients eligible for primary radiotherapy.

Various treatment strategies have been developed to improve outcome in head and neck
cancer. However, it remains difficult to select patients for these intensified treatments. The
FDG uptake of a head and neck squamous cell carcinoma may be an independent
prognostic factor. In chapter 6, we assess the prognostic value of the determination of
primary tumor volume from CT and FDG-PET scans, and various ways of quantifying FDG
uptake in patients with head and neck cancer treated with (chemo)radiotherapy and
provide an overview of the available literature.

The data on the accuracy of radiotherapy target volume delineation using FDG-PET are
limited. In chapter 7, we correlate the volume of metastatic lymph nodes in head and
neck cancer patients assessed by CT and various FDG-PET-based segmentation methods
with the volume as determined by pathological examination.

Chapter 8 provides a general discussion includingfuture perspectives. Asummary ofthe
thesis is given in chapter 9.
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target volumes: the role of PET in
radiation treatment planning
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CHAPTER 2

Abstract

Progress in radiation oncology requires a re-evaluation of the methods of target volume
delineation beyond anatomical localization. New molecular imaging techniques for
tumour visualisation such as positron emission tomography (PET) provide insight in
tumour characteristics and can be complementary to the anatomical data of computed
tomography or magnetic resonance imaging. In this review, three issues will be discussed:
Firstly, can PET identify a tumor more accurately? Secondly, can biological tumour charac-
teristics be visualised? Finally, can intratumoural heterogeneity of these characteristics be
identified?
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Introduction

Inthe past decade, there has been substantial technological progress in radiation oncology.
Dose delivery with high geometrie precision is possible due to the introduction of
stereotactic radiotherapy, radiosurgery, intensity modulated radiotherapy (IMRT) and three-
dimensional planning of brachytherapy. These developments requirea re-evaluation of the
Standard methods for target volume delineation. The current Standard of target volume
definition isbased on information gathered by physical examination, computed tomography
(CT) and magnetic resonance imaging (VRI). In recent years new methods for tumor
visualisation have been introduced in oncology. Imaging techniques such as positron
emission tomography (PET), single-photon emission computed tomography (SPECT) and
magnetic resonance spectroscopy (MRS) are able to visualise biological characteristics of
tumours, providing information on metabolism, physiology and molecular biology of
tumour tissue. These so called "functional™ or "molecular” imaging modalities complement
the anatomical data supplied by CT and MRI and include several potential advances.

First, the primary tumour can be identified more accurately. If carefully validated this could
resizeand reshape thegross tumour volume (GTV). This consequently could increase cure
rates by reducing the chance of geographically missing part of the tumour during the
treatment. When imaging modalities become more accurate, the inter- and iritraobserver
variation in tumour delineation decreases, which implies an enormous increase in the
Standard of care. More accurate tumour identification could also lead to an increased
normal tissue sparing. Second, tumour characteristics relevant for radiation sensitivity can
be visualized. Functional imaging may identifythe degree of radiosensitivity of tumours,
leading to an individualization of the radiation treatment. For example, the addition of a
hypoxic cell sensitizer like nimorazole could be advantageous for radiation treatment
when the tumour demonstrates a certain level of hypoxia [1], Third, intratumoural
biological heterogeneity can be identified. Ling etal. introduced the concept of "biological
target volume" [2], This biological target volume represents a subvolume of the tumour
with specific characteristics on functional or molecular imaging techniques. Subvolumes
that are relatively resistant to radiation receive an extra dose delivered with high precision
on a small volume, which is called 'dose painting' or ‘dose sculpting'. This could increase
cure rates without increasing the chances of late radiation-induced toxicity.

In this review we will focus on PET as this molecular imaging technique is becoming widely
available at an astonishing rate. Significant clinical work has already been done to investigate its
possible role in radiation treatment planning. The following three issues will be discussed:

(1) Can PET identify the primary tumour more accurately?

(2 Can biological tumour characteristics be visualised?

(3) Can intratumoural biological heterogeneity be identified?
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Can PET identify the primary tumour more accurately?

Coregistration

CT is the reference imaging modality for radiation treatment planning as it provides
electron density information of the various tissues which is needed forthe dose calculation
algorithms. However, CT-images lack contrast between soft-tissue structures and tumour
extension. E.g. the assessment of oral cavity and oropharyngeal tumours is severely
hampered by scatter artefacts of dental fillings. Compared to CT, MRl has shown to be
more accurate in evaluating soft-tissue and can be more sensitive for bone invasion of
head and neck tumours, but it also has its limitations like geometrie distortions at field of
view edges, and artefacts at interfaces of bone and air. The observation that malignant
tumour cells are characterized by increased glycolysis resulted in the development of
whole body imaging using PET and the fluorine-18 labelled glucose analogue fluorode-
oxyglucose (FDG). The high sensitivity of FDG-PET is related to the upregulation of glucose
transporters on the cell membrane as well as increased hexokinase activity in a wide
variety malignancies [3], Following phosphorylation by hexokinase, FDG is trapped in cells
and leads to an uptake into tissue in proportion to the overall glucose metabolism. FDG
uptake, however, is not cancer-specific, as increased glucose metabolism is also seen in
inflammatory processes, muscle activity and brain activity. To incorporate PET data into
CT-based tumour delineation there are three options of image fusion: visual fusion, where
the physician compares two separate imaging modalities viewed next to each other,
software fusion, where both modalities acquired on separate machines are overlaid in an
integrated set of images (co-registration), and hardware fusion in which both data sets are
acquired on one single machine, e.g. a hybrid PET/CT scanner. The co-registration of CT
(and/or MRI) and PET images has successfully been demonstrated by many groups [4-6]. If
performed properly, co-registration matches the performance of a hybrid PET/CT [6],

Validation

In 2005 Ng etal. reported on 124 patients with cancer ofthe oral cavity, all eligible for surgery
[7], Non co-registered FDG-PET and CT or MRl were obtained to determine their performance
in detecting the primary tumour with histopathology as the gold Standard. This largest
study to date confirmed earlier data showing that 122 of 124 tumours were correctly
detected by FDG-PET versus 108 on CT or MRI. FDG-PET missed a small superficial tumour
and misinterpreted afloor of mouth tumour for a tongue tumour. Flowever, no attempt was
made to accurately delineate the tumour. The best evidence to date that FDG-PET can
identify the primary tumour in head and neck cancer more accurately than conventional
imaging is provided by Daisne etal. [8].They compared the role of co-registered CT, MRl and
FDG-PET in delineating the primary tumour in nine patients with laryngeal cancer who were
scheduled for laryngectomy. Compared to the reference surgical specimen, all modalities
overestimated the extension of the tumour. The average GTV on histological examination

18
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was 12.6 cm 3, whereas averages for the various imaging modalities were 16.3 cm3 (PET), 20.8
cm3(CD and 23.8 cm3 (IVRI). PET was closest to depict the true tumour volume, but ail three
imaging modalities (including PET) failed to identify a small fraction (approximately 10%) of
the macroscopic tumour, mainly superficial mucosal extension. Application of radiopharma-
ceuticals other than FDG which depict different characteristics of tumour cells may also play
a role in accurate tumour definition, e.g. the amino acid based radiopharmaceuticals 0-2-

fluoroethyl-L-tyrosine (FED and methyl ~C-methionine (MET). In brain tumour imaging
FETand MET both have an advantage over FDG, as they do not accumulate in normal brain
cells. FET-PET was superior in delineating human glioma's compared with MRI, which was
demonstrated by the use of stereotactic biopsies in 28 glioma patients [9]. When comparing
FET-PET to FDG-PET and CT in 18 patients with head and neck cancer, both FET-PET and
FDG-PET were superior to CT in the detection of tumor [10]. FET-PET showed no uptake in
physiologic tissue and inflammatory tissue, resulting in a higher specificity for tumour
detection than FDG-PET. A drawback of FET-PET was a lower sensitivity, caused by a relatively
low tumour uptake compared to FDG-PET. MET-PET images in patients with brain tumours
were investigated by correlating MET uptake with histological examination of stereotactic
biopsies [11], Solid parts of brain tumours as well as brain tissue with infiltrating tumour cells
were detected with high sensitivity (87%) and specificity (89%). Kracht etal. emphasized its
value as a delineation tooi for treatment planning in neurosurgery and radiotherapy [11],
Grosu etal. investigated the role of MET-PET in target volume definition of meningeoma
patients [12]. In skull-base tumours they found MET-PET to be superior in defining tumour
infiltration in the surrounding structures compared to CT/MRI. Furthermore, they
demonstrated that MET-PET significantly decreased the interobserver variability in tumour
delineation as compared to CT/MRI-based delineation [13].

Reduction of interobserver variability

Interobserver variability of radiation target volume definition is a widely recognized
problem. In laryngeal cancer for example, target definition using only CT leads to
significant inter- and intraobserver variations in delineation ofthe GTV [14], When imaging
modalities become more accurate, the interobserver variability will decrease. A reduction
in the interobserver variability is seen by incorporating FDG-PET data in the treatment
planning 13,15-18]. Ciernik et al. reported a reduction in the mean volume difference of
26.6 cm3to 91 cm3 when FDG-PET was incorporated into the CT-based GTV definition of
39 patients with various solid tumours [17]. This was associated with a reduction of the
Standard deviation from 38.6 cm3 to 14.4 cm3. For 30 patients with NSCLC Caldwell et al.
found a large variation in GTVs between the observers. The mean ratio of largest to
smallest GTV was 231 when CT based and 1.56 when PET-CT based, indicating a clear
improvement [16]. When analysing target definition of 22 patients with NSCLC by 11
observers, Steenbakkers etal. found that the amount of disagreement was reduced from
45% (CT based) to 18% (PET-CT based) [18],

19
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Fig.1 Planning CT scan (A), corresponding FDG-PET scan (B) and fusion image (C) show
differences in target volume definition Volume GTV(-t (red)= 475 cm , GTVyg (green)
=43.8cm3,GTV40% (yellovw)= 2Qlcm-,GTVj5 (orange) = 326 cm3,GTVjgR (blue) =
157 cm3 Note that GTVggp is significantly smaller than GTVqg- and GTVyu

Ashamalla etal. reported that for 19 patients with NSCLC the interobserver GTV variability
decreased from a mean volume difference of 28.3 cm3 (CT based) to 91 cm3 (PET-CT
based), with a respective decrease in Standard deviation from 20.99 to 6.47 [15]. Co-
registration of CT and FDG-PET reduces this variability even further, which was
demonstrated in NSCLC by comparing co-registered to non-registered images [19)].

Thresholding

Studies comparing GTV definition using FDG-PET (GTVFET) and T1 weighted contrast
enhanced MRI (GTVMR) in high-grade astrocytomas consistently showed that GTVpet was
smaller than GTVMR [20,21], Similar studies comparing GTVpet to delineation using CT or
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MRI (GTVct/MR) have been performed in head and neck cancer [17,22-26], Results show
either no difference between GTVs or that GTVpet was significantly smaller than GTVCI/VR}
A reason for this might be that the optimal way to delineate atumour on PET is not clearly
defined, resulting in variations in the methods for defining GTVpet. In clinical nuclear
medicine, PET studies are usually interpreted qualitatively, whilst in radiation oncology a
more quantitative approach is necessary as edge detection is required for tumour
contouring [27].

PET images can be interpreted by visual assessment only (GTVVP), or by chosing thresholds,
i.e. segmenting a lesion on the basis ofa given level of radioactivity. This threshold could
be any fixed cut-off of the standardized uptake value (SUV), and some investigators
choose a cut-off of 2.5 (GTV25) [28,29]. Thresholds are more commonly defined as a fixed
percentage of the maximum tumour activity, for example 40% (GTVA(%). Erdi et al.
performed two-dimensional analyses of phantom experiments and stated that athreshold
between 36% and 44% ofthe maximum activity would lead to an adequate segmentation
[30]. Ciernik etal. recommended a fixed threshold of 50% of the maximum activity, also
based on phantom data [17], A more sophisticated method developed at the UniversitySt
Luc in Brussels uses an adaptive threshold based on the signal-to-background ratio (SBR)
(GTVER [31,32], This method aims to incorporate specific PET imaging properties by
deriving a mathematical function from phantorm-measurements of objects of various
sizes under various signal-to-background conditions. Nestle et al. recently compared
these four PET-delineation methods in 25 NSCLC patients. They observed substantial
differences in the resulting GTVs and demonstrated that the choice of a tooi for target
volume definition based on PET images is far from trivial [28]. Examples of two cases
where different delineation tools were applied are given in figures 1and 2.

Site specific issues

If a lung tumour causes atelectasis, it becomes extremely difficult to define the actual
tumour on CT. In this situation most radiation oncologists would, when in doubt, prefer to
define a larger target volume and possibly encompass part of the atelectasis rather than
risk missing part of the tumour with a smaller target volume. FDG-PET may assist in more
accurate definition of the border between tumour and atelectasis. This potential
application of FDG-PET needs to be validated by resection specimen analysis. If this is
proven to be reliable, radiation oncologists will confidently delineate a smaller target than
they have done in the past. This can potentially result in a reduction of pulmonarytoxicity
by reducing the mean lung dose in patients currently eligible for high dose radiotherapy
[33]. Italso means that patients who previously were not eligible for this treatment because
of pre-existent impaired pulmonary function, could then become eligible as result of the
reduction in expected radiation damage to the lung.

21



CHAPTER 2

Fig.2 Planning CT (A), corresponding FDG-PET (6) and fusion ;mage (C) show differences in
target volume definition. It also illustrates PETactivity in the air cavity

A JB E, | B

Several issues need to be addressed when using FDG-PET in radiation treatment planning
of NSCLC. Although most primary NSCLC are visualized with FDG-PET, bronchoalveolar
carcinoma shows limited or no increased FDG-uptake [34,35]. Furthermore, a post-ob-
struction pneumonia may also cause increased FDG accumulation, while malignant
mediastinal involvement can be missed in those patients with relatively high FDG uptake
in the heart. Issues associated with organ motion have already been addressed for CT
scanning by gating image acquisition to the respiratory cycle. Similarly, it is possible to
gate the linear accelerator. Gating the PET acquisition is also possible but experience is still
relatively limited [36,37]. In head and neck cancer, FDG-PET may miss small lesions with
insufficiént tumour cells to delineate tumour, e.g. in superficial tumour infiltration of the
mucosal lining [8] or micrometastatic disease in the regional lymph nodes. False positive
findings can occur in inflammatory lymph nodes, tonsils, salivary glands and in areas of
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muscle activity (soft palate, base of tongue) [38], When using segmented PET to delineate
head and neck cancer, the GTV may become artificially enlarged by an inherent enclosure
of part ofan aircavity (fig 2). This needs to be corrected by using the CT as theanatomical
template and subsequently 'trimming' part of the GTVpet which is clearly in an air cavity.
Thus, integration of FDG-PET into target volume definition is not trivial, but feasible. The
GTVret generally is smaller than the GTVct or GTVMR for the primary tumour. However,
accuracy for primary tumour delineation has only been fully validated for nine laryngeal
cancers. Further studies need to elucidate the best methodology for FDG-PET based
tumour delineation.

Can biological tumour characteristics be visualized?

Relevant factors for treatment outcome

Tumour hypoxia is a strong contributor to radiation resistance [39]. Kaanders et al.
correlated the hypoxic fraction measured by staining tumor biopsies with pimonidazole,
an exogeneous hypoxia marker, with loco-regional tumour control after radiotherapy of
advanced head and neck cancer [40], Tumour control inversely correlated with the hypoxic
fraction (fig3).

Fig. 3 Influence of tumour oxygenation on outcome after radiotherapy for head and neck
cancer Tumour hypoxia was measured by admiriistering pimonidazole followed by
immunohistochemical staining High pimonidazole binding (low oxygen tension) was
associated wirh significantly worse outcome Reprinted with pei mission from Kaanders
etal "Pimonidazole binding and tumor vascuiarity predict for treatment outcome in
head and neck cancer " Cancer Research 2002,62 7066-7074

Time (months)
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Overgaard et al. demonstrated in a large randomised placebo controlled trial that
administration of the hypoxic cell radiosensitizer nimorazole to radiotherapy could
improve loco-regional control and disease free survival in patients with head and neck
cancer [1], Various treatment modifications are available to counteract hypoxia induced
radioresistance: irradiating during hyperoxic gas breathing under normobaric or
hyperbaric conditions, adding a hypoxic cell sensitizer (nimorazole) or a hypoxic cytotoxin
(tirapazamine), or increasing the radiation dose. To various extent these modifications lead
to increased toxicity. As not every patiént benefits from these treatment intensifications,
careful selection of patients is necessary, and PET could be of value as a predictive tooi.
Another tumour characteristic associated with radioresistance is tumour cell proliferation,
especially in squamous cell carcinomas. This can be counteracted by shortening the
overall treatment time, which has been shown to effective in several randomised clinical
trials [41,42). As this also is a treatment intensification, PET could possibly help in selecting
patients by identifying highly proliferating tumours, and hereby sparing the increased
toxicity to these patients who are not likely to benefit from this approach [43], Epidermal
growth factor receptor (EGFR) inhibition is another strategy to counteract tumour cell
proliferation. EGFR plays a key role in cellular proliferation of head and neck cancer, and
Bentzen etal. recently discovered that the amount of EGFR expression in tumour biopsies
could reliably be used to select the dose-fractionation scheme that had the greatest
chance of benefiting the patiént [44], Bonner etal. reported that adding an EGFR-inhibitor
(cetuximab) to the radiation treatment in a randomised clinical trial resulted in increased
tumour control with only limited increase of toxicity [45],

Which radiopharmaceuticals are available to image these aspects?

For imaging of tumour hypoxia both imidazole- and nonimidazole-containing agents
have been developed. Imidazole containing radiopharmaceuticals are 18F-fluoromisoni-
dazole (FMISO) and 123l-iodoazomycin arabinoside (IAZA). Non-imidazole tracers are
99mr-c 4,9 diaza-3,3,10,10-tetramethyldodecan-2,11-dione-dioxime (~ntjc HL91) and
64Cu-diacetyl-bis(N-4-methylthiosemicarbazone) (64Cu-ATSM). Cell proliferation can be
identified by labelling DNA precursors like thymidine or deoxyuridine, which are
incorporated in DNA replication during the S phase of cycling cells. Clinical studies show
acorrelation between 18F-3-deoxy-3-fluorothymidine (FLT) uptake and the Ki-67 labelling
index. The latter is an accepted immunohistochemical marker to measure proliferation
[46,47]. Further clinical validation of FLT against histopathological standards is in progress.
At present, new radiopharmaceutical are developed in the preclinical phase to quantify
tumour EGFR expression with PET, e.g. Ga-68-EGF and Zr-89-cetuximab [48,49],

Validation

FMISO was shown to bind selectively to hypoxic cells at radiobiologically relevant oxygen
levels [50], Piert etai demonstrated in pigs that FMISO retention occurred at relevant p02
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levels after restricting blood supply to part of the liver [51,52], pc2 levels were measured
using invasive oxygen-sensitive Eppendorf histograph needle electrodes. In patients,
hypoxia can also be detected by the exogenous marker pimonidazole. Bioreduction and
irreversible binding of this marker occurs at pC>2 levels of below 10 mm Hg and can be
visualised by immunohistochemistry in tumour sections [53].To validate the usefulness of
FMISO for detection of hypoxia in human tumours, Troost etal. compared FMISO autora-
diography with pimonidazole immunohistochemistry in xenografted human squamous
cell carcinomas and glioblastomas under various conditions of oxygen supply [54], They
found a significant correlation between the pimonidazole derived hypoxic fractions and
the mean FMISO signal intensity, but also noticed thatthe correlation varied between the
tumour lines stressing the need for validation in clinical studies with different tumour

Fig. 4 FMISO autoradiography (A), pimonidazole imrrunohisiochernistry (B) and fusion image
(C) of axenografted human head and neck cancer Courtesy of ETroost, Dept
Fiadiation Oncoloyy, Radboud Umversity Nijmegen Medical Centre, Nijmegen, The
Netherlands.
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entities (fig 4). Furthermore they observed that in the registration of changes of oxygenation
status, FMISO was less accurate as the reference pimonidazole.

Temporal changes-treatment induced changes

Little is known about the temporal stability of hypoxia imaging, and there are at least
three aspects to consider. Firstly, hypoxia can be transient due to structural and functional
abnormalities of the tumour microvessels [55]. These abnormalities cause disturbances in
the blood supply leading to temporal shutdown of vessels [55-57], So, areas identified as
'normoxic’ could be ‘hypoxic' at a different time point. These changes occur at the
microregional level and little is known about the sensitivity of PET-scanning for such
changes. Secondly, the lifetime of chronically hypoxic cells is short, varying from a few
hours to several days [58,59]. By the time radiation treatment commences, the hypoxic
cells that were imaged will have already died and be replaced. Although the lifetime of
individual cells is short, it is unlikely that the overall hypoxic pattern of atumor will change
significantly in a period of a few days. However, if intervals between PET-imaging and
treatment exceed one or two weeks, this may become a relevant problem. Thirdly,
irradiation itself can cause rapid changes in oxygenation and perfusion [60], So even ifthe
information obtained by functional imaging correlates with a relevant tumour
characteristic, and even if that characteristic has an impact on clinical decision making on
treatment selection, one has to be aware that the temporal stability of the imaged data
may be limited. Currently, studies of temporal stability of hypoxia maps are in progress.

Can intratumoural biological heterogeneity be identified?

Concept of dose painting

The concept of dose painting was proposed by Ling et al. [2]. The idea is to visualize
tumour subvolumes with a potential resistance to irradiation and to paint some additional
dose onto that volume. Chaoefa/.applied this in a pilotstudy demonstrating an IMRT plan
where a subvolume of the oropharyngeal tumour, identified by increased ~4Cu-ATSM
retention, received an extra dose of 10 Gy [61]. Despite the dose escalation in this dose
painting exercise the parotid glands could still adequately spared with the high precision
IMRT technique.

Spatial resolution

At the level of tumour microenvironment it is conceivable that new cells formed in the
proliferating cell compartment push older cells awayfrom the blood vessels resulting in a
gradual depletion of oxygen and nutrients. Tumour cells in the hypoxic compartment
would be pushed further down the oxygen gradiént and eventually die of oxygen
deficiency and starvation [62]. The dynamics of hypoxic tumour cells in xenografted

26



FROM ANATOMICAL 10 BIOLOGICAL TARGET VOLUMES: THE ROLE OF PET I» RADIATION TREATMENT PLANNING

human head and neck cancer was analysed by consecutive injection of two different
hypoxia markers [59], Over time pimonidazole positive cells were being pushed away from
the vasculature and cell debris with pimonidazole adducts appeared in the necrotic
regions. Meanwhile, new hypoxic cells appeared at the 'hypoxic front' identified by a
second marker, CCI-103F, administered at a later point in time. This "pattern of hypoxia' is
measured in micrometres and therefore can not be detected by invivo imaging techniques
such as PET dueto limited spatial resolution. So PET images hypoxia at a moreglobal level.
Furthermore the radiation dose delivery also has a certain resolution. Given these
limitations, dose painting will most likely only be feasible with subvolumes greater than
0.5 cm3. PET imaging would then have to identify subvolumes within the tumour with a
larger than average content of hypoxic cells.

Condusion

Integrating biological or molecular information of tumours into radiation oncology might
help in deciding not only where but also how radiation therapy should be delivered [63],
The addition of functional imaging to the Standard anatomically based target volume
definition has already shown significant advantages, especially when images are
co-registered. The reduction of interobserver variability is obvious and can increase the
Standard of care for all patients, not only by reducing geographically missing parts of the
cancer, but also by reducing the irradiated volume of normal tissues and organs at risk. As
more studies become available validating the various functional imaging properties,
more treatment related decisions (dose painting, shortening overall treatment time,
adding a sensitizer) will have to be tested in clinical trials. The goals are challenging and
clear: Firstly, to enlarge the therapeutic window by increasing the tumour control
probability and decreasing the normal tissue complication probability. Secondly, to
develop predictive assays that can serve as selection tools for patients that are likely to
profit from intensified treatments. We believe that molecular imaging can play an
important role in achieving these goals.
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CHAPTER 3

Abstract

Background and purpose: Integration of PET information into CT-based IMRT allows
adaptation of the target volume to functional parameters, but only when the image
registration procedure is reliable. The aim of this study was to select the optimal method
for software fusion of dedicated PET and CT,and to validate the procedure for IMRT in the
head-neck area.

Materials and methods: 15 patients with HNSCC underwent separate CT and FDG-PET, both
in a custom-moulded rigid maskfitted with 4 multimodality fiducial markers. Five image
registration methods were applied. PET emission and CT were registered manually (ME),
and using the landmarks (LM). PET transmission and CT were registered manually (MT),
using a mutual information-based method (M) and using an iterative closest point
method (ICP).The error in image registration using each of the methods was determined
by evaluation of the markers.

Results: LM showed an average registration error of 1.4 mm at the location of the markers,
and 0.3 mm in the planning area. However, this method proved to be laborious. Apart
from LM the best method was ICP, with registration errors of 3.0 and 2.0 mm, respectively.
For ME the respective errors were 4.7 and 3.5 mm, for MT 3.6 and 2.7 mm, and for M 5.3
and 41 mm.

Conclusions: Image fusion of dedicated PET and CT of the head-neck area can be
performed reliably with no need for laborious markers, using the operator-independent
ICP method. The achieved accuracy permits implementation of dedicated PET images in
external beam radiation therapy.
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Introduction

External beam radiation therapy of head and necksquamous cell carcinoma (HNSCC) demands
accurate dose delivery. Nowadays this can best be achieved with intensity modulated external
beam radiation therapy (IMRT), with agood effective spatial accuracy in dose delivery and with
high achievable dose gradients [1], As a next step, integration of functional and anatomical
information by fusion of PET and CT images allows subsequent consideration of biological
tumor characteristics in the determination of the IMRT target volume [2-4],

For IMRT, accurate detection and localization of tumor sites is essential. Primary tumors in
the head and neck area are often small at the time of discovery, and lymph node
metastases tend to be small in size and multiple in number [5], Computer Tomography
(CT) imaging provides the anatomical reference and electron density information that is
mandatory for 3-dimensional planning in IMRT, and can visualize structural information
conveniently. Major drawbacks of CT are a low sensitivity for small lymph node metastases
and low specificity in marginallyenlarged lymph nodes oratypical lesions [6],The inability
of CT imaging to differentiate tissue characteristics contributes to this problem, despite
the application of intravenous contrast.

Additional functional and molecular information can be provided with Positron Emission
Tomography (PET). The radiopharmaceutical ,8-fluorodeoxyglucose (FDG) quantitatively
visualizes glucose metabolism, thus providing a tooi for discrimination of normal and
malignant tissues. The clinical value of FDG-PET in staging of malignancy in the head and
neck area has been demonstrated by some [6-9], although others have reported less
impressive results [10]. Radiotherapy planning may benefit from improved tumor detection,
and from quantitative evaluation of intra-tumoral variations in metabolic activity such as
glucose metabolism. Other evaluable biological parameters include hypoxia and
proliferation, as visualized with 1&-Misonidazole (FMISO) and ,8F-Fluorodeoxy-L-thymidine
(FLT), respectively.

Using IMRT, a high dose can be delivered accurately to known tumor sites [11,12]. Perhaps
equally important, a significant dose reduction to adjacent non-tumor sites can be
achieved, resulting in fewer complications and side-effects such as central nervous system
damage, mucositis, and loss of parotid gland function [13-15]. Furthermore, the
3-dimensional approach of IMRT facilitates intra-tumoral variations in dose delivery,
tailored to (regional) specific functional and molecular tumor characteristics. Planning
and application of such highly optimized IMRT procedures depends on precise tumor
imaging. Any error in the anatomical registration of CT and PET images may lead to
erroneous localization or interpretation of lesions, which may subsequently result in
suboptimal radiation treatment.
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Currently, many perform image fusion of CT and PET for planning of external beam
radiation therapy using their own preferred approach to image registration. Some use an
integrated PET/CT scanner, others apply software fusion of dedicated CT and PET. Different
methods of image registration are available for the latter approach, each with their specific
characteristics, and with variable accuracy of image registration. The relative accuracy of
the available methods is currently not known. We have hypothesized that for successful
application of image fusion in external beam radiation therapy planning - especially for
IMRT - the error in image registration should not exceed existing limits in spatial accuracy
of image quality and dose delivery. In this paper we evaluate different approaches to high
accuracy software PET/CT image fusion, and validate the selected optimal technique for
application in IMRT procedures in the head and neckarea.

Materials and Methods

A total of 15 patients (mean age 59 years, range 49-74 years) referred for external beam
radiation therapy for newly diagnosed HNSCC were included. Twelve patients had
carcinoma of the larynx, 3 had carcinoma of the tongue. PET and CT scans were acquired
within a maximum interval of one week.

Imaging
CT scans were acquired using a multislice spiral CT scanner (Philips AcQsim, Philips, Cleveland,
USA). Scanning parameters were 130 kV, 120 mAs, slice distance and slice thickness 3 mm.
Images were acquired from the top of the lungs to the base of the skull, with intravenous
contrast.

FDG-PET was acquired using a full-ring dedicated PET scanner (Siemens ECAT Exact 47,
Siemens/CTI, Knoxville, Tennessee, USA). Patients with diabetes mellitus were not excluded.
However, glucose levels had to be appropriately regulated (glucose levels at time of FDG
injection < 10 mmol/I, no insulin administration prior to FDG injection). A 3D emission scan
ofthe head and neckarea and a 2D Germanium-68 based transmission scan for attenuation
correction were acquired 60 minutes after intravenous injection of 250 MBg FDG (Mallinckrodt
Medial, Petten, The Netherlands). The acquisition time per bed position was 5 minutes for
emission and 3 minutes for the Germanium-based transmission, resulting in a total scanning
time of 16 minutes for the two bed positions. Emission and transmission scans were
reconstructed using a 2D ordered subset expectation maximization (OSEM) iterative
algorithm, with parameters optimized for low photon attenuation in the head and neck area
as described elsewhere [16], As during previous studies, a structural difference in real image
size between the CT and PET devices of 2.0% in the transversal direction and 0.8% in the
axial direction was observed [17], this was corrected by applying a scaling factor.
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Fig.1 Multimodality markers. Example of the multi-modality markers used for landmark
registration and image fusion accuracy evaluation (A) Markers (red arrows) as placed
on the mask (8) Marker as seen on CT filled with lodine-contaming contrast. (C) Marker
as seen on PETfilled with FDG solution The centei of the markers could be deterrnmed
with an inter-operatorvariabiliiy weli below 1 mm on both CT and PET images.

Patiént positioning

During all imaging procedures, patients were placed in radiotherapy position within a
custom-moulded rigid maskcovering the head, neckand shoulders. Maximum reprodu-
cibility in positioning was assured by the use of additional support systems; e.g. a flat
scanning bed, a customized head support cushion, an intra-oral mould for positioning of
the tongue when needed, a Standard cushion supporting the knees, and a laser
positioning system.

All patients were scanned with 4 multi-modality crosshair fiducial markers firmly attached
to thefixation mask in a rectangularconfigurationaround the center ofthe IMRT planning
area, halfway in the anterior-posterior plane. The crosshair markers consisted oftwo 5cm
glass capillaries positioned ina 90°angle.The capillaries were filled with either300 mg/ml
iodine-containing contrast for CT or 1 MBg/ml FDG for PET. Figure 1shows an example of
a mask with fiducial markers in place.

37



CHAPTER 3

Image registration

The image registration procedure was performed on a PC with in-house developed
image viewing and registration software based on the visualization toolkit VTK [18] and
the insight segmentation and registration toolkit ITK [19], The software allows rigid-body
image registration, i.e. based on 3 translation and 3 rotation parameters. Anatomical
image registration of PET images to CT images was performed using five different
methods:
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Method ME: Manual registration of PET emission images to CT. Anatomically correct
registration in the field of interest was performed by an experienced investigator,
through manual adjustment ofthedfree parameters.The operator used an interface
where 3 variable sections of orthogonal planes (transverse, coronal and sagittal)
through the 2 images were displayed simultaneously. Hence, by performing
registration in only one section at the time, the 3D registration problem was reduced
to a series of 2D problems. The method is therefore fast and easy, but may suffer from
operator-dependancy.

Method LM: Landmark-based registration of PET emission images to CT. Registration
was optimized by manual Identification of the centers of the multimodality markers,
followed by a minimization of INKr-TV jAy N, where r, are the coordinates of CT
landmark i, r', are the coordinates of PET landmark i, T is the transformation, and N=4
for the number of markers. This minimization provides (by taking the square-root of
this minimization result) the fiducial registration error (FRE) [20], This method is
subject to operator-dependency due to the manual localization of the markers.
Method MT: Manual registration of PET transmission images toCT. Parallel to method
ME, anatomically correct registration in the field of interest was pursued through
manual adjustment of the 6 free parameters. At the end of the procedure the
transmission images were substituted with the emission images. This method is also
fast and easy, but may again suffer from operator-dependancy.

Method MI: Mutual information based registration of PET transmission images to CT.
This method optimizes a functional measuring the similarity of all geometrically
corresponding voxel pairs for some feature. The mutual information metric
implementation follows the method as specified by Voila and Wells [21,22], In this
implementation, probability densities are estimated from the image data using the
Parzen-Windowscheme [23], This method is available in ITK [19], Its main advantages
are that it can work directly with image data as no pre-processing or segmentation is
needed. Furthermore, it has an efificient implementation based on stochastic
approximation. The parameters of this method [19] have been tuned to our
application: the Parzen window width was set to 2, the number of samples to 50, the
learning rate to 0.0005, the translation scale to 100 and the number of iterations to
20,000. This provided robust results. At the end of the registration procedure the
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transmission images were substituted with the emission images. This method is not
operator dependant, but does require some computation time.

5. Method ICP: Iterative closest point registration, using surface models of the body
contours acquired from PET transmission and CT. A thresholding technique was used
on both image sets to create triangulated iso-surfaces of the body, using the VTK
method vtkContourFilter [18], Normals were computed for these surfaces for each of
the polygonal facets, using the VTK method vtkPolyDataNormals [18]. Using these
normals, a faceted shading of the surface was obtained that was used as an input for
the ICP algorithm.The ICPalgorithm [19] hasthree stages and iterates. Firstly, random
points on the first model (of the transmission PET) are associated to random points
on the other model (of the CT) by the nearest neighbor criterion. Secondly,
transformation parameters are estimated using a mean square cost function. Next,
the transformation is applied. Then, the iteration procedure starts by re-associating
points, etc. The procedure continues untill convergence has been reached. In this
study 5000 random points were used for each model and the convergence criterion
was to stop when the change between two successive iterations feil below a
threshhold of 0.001 mm, orwhen the number of iterations exceeded 3000. At the end
of the procedure the transmission PET images were substituted with the emission
images. The ICP method is illustrated in figure 2. This method is not operator
dependant, but does require some computation time.

For the automatic registration methods M and ICP the algorithm input was restricted to a
volume of interest by defining a 3-dimensional box, containing the head and neck area,
but excluding bodyparts that tend to keep freedom of movement within the mask (i.e. the
shoulders). With the exception of the landmark-based method LM, the fiducial markers
were not considered during the image registration process. In the PET transmission
images the markers were not visible, and all representations of the markers were removed
from the emission images prior to image registration.

Assessment of image registration

The fiducial markers were used for assessment of the accuracy in image registration. The
location of the center of each marker was determined on both CT and PET emission
images. The inter-operator variation of the manual localization ofthe center of the markers
was evaluated by analysis of 12 markers in a separate session by two operators. The
difference in position of corresponding markers on CT and PET was determined,
representing the error in image registration at the location of the markers. Subsequently,
for each patiént the location of a hypothetical marker in the center of the IMRT planning
area was determined, by calculating the geometrical center of all surrounding markers.
The difference in position of this hypothetical marker on CT and PET was determined to
estimate the image registration error in the region of the IMRT planning area.
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Fig. 2 Iterative closest point registration (ICP) of PET transmission images to CT (A) On both
CT and the PET transmission scan, a surface model of the body contour is generated
using a thresholding techmque (B) Both surface models are represented as a
3-dirnensional structure. (C) Automatic image registration is performed by iterativeiy
minimizing the distance between the surface models.
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Statistical analysis

Differences in the image registration errors for the applied methods were evaluated using
a repeated measures ANOVA with Bonferoni's correction for multiple comparisons, using
GraphPad InStat version 3 (GraphPad Software, San Diego CA, USA). The level of
significance was set at 0.05.

Results

The inter-operator variability in determination of the center of the markers was well below
1 mm in both types of scans. For CT images the average difference between the two
operators was 0.54 mm (S.D. 0.28 mm). For PET images the average difference was 0.42
mm (S.D. 0.19 mm).

Application of LM achieved the best results (P < 0.001 as compared to all other methods).
LM showed an average registration error of 1.4 mm (range 0.3 - 3.8, SD 0.8) at the location
of the markers, and a calculated average registration error in the center of the planning
area of 0.3 mm (range 0.0 - 0.6, SD 0.2).

The second-best method proved to be ICP, with an average error in image registration of
3.0 mm (range 0.5- 8.8, SD 0.9) at the location ofthe markers and 2.0 mm (range 0.6 - 4.3,
SD 11) at the center of the planning area. The average error in the center was above the
limit of 3 mm in three cases (20%), the largest error in the planning area being 4.3 mm.

For ME the respective registration errors were 4.7 mm (range 12-13.6, SD 2.2) and 3.5 mm
(range 0.7-6.3, SD 16),for MT3.6 mm (range 0.5- 10.6, SD 15)and 2.7 mm (range 11-6.1,
SD 16), for M 5.3 mm (range 1.0- 183, SD 2.0) and 41 mm (range 19- 6.8, SD 14). As
compared t6 ICP, ME and M were significantly less accurate in image registration (P <
0.05). MT was not significantly different as compared to method ICP. An example of the
results after image registration is shown in figure 3. The quantitative results are depicted
in figure 4.

During the PET image acquisition, small positioning problems occurred in 4 patients, due
to inexperience of the PET operating personnel with the fixation mask. Examples are a
minor backwards tilt of the head within the mask, or an incorrectly attached part of the
mask near a shoulder. This resulted in minor visually discernible positioning differences
between PET and CT scans, in al cases below 1 cm and mostly well outside the IMRT
planning area. All 3 patients who showed a registration error above 3 mm using method
ICP were subject to such errors.
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Fig.3 Example of image fusion using method ICP Transverse (&) and coronal (B) sections of
FDG-PET fleft). Cl (middle) and fused PET-CT (right) iri a patiént with carcinoma at the
base of the tongue (bluearrow) and multiple pathological lymph nodeson the right
side of the neck (white arrows).The extent of the malignancy was difficultto appreciate
on the CT, while fused PET/CT images allowed cleat delineation of the primarv tumor,
as well as Identification of pathological lymph nodes.

Discussion

Image fusion may be performed with software-based image registration of dedicated PET
and CT. However, image registration of dedicated PET and CT has a risk for introducing
errors [24], Although high accuracy in image registration has been shown using phantoms
[25], atime interval between scans and repeated positioning may result in introduction of
differences when imaging patients. Furthermore, the image registration procedure itself
is hampered by limited visualization of normal anatomical structures on FDG-PET. The risk
for potentially significant errors in PET/CT image registration emphasizes the need for a
structured and validated approach.

At least three fiducial markers are needed to define position and orientation of a rigid
object in a 3-dimensional space. In these studies 4 markers were used, in a rectangular
configuration in the coronal plane around the planning area to equally represent the
whole head/neck area. The anterior and posterior sides of the mask were not marked with
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separate markers, but these areas were considered not very prone to additional local
positioning errors because of rigid attachment to the scanning table and adequate
fixation of the nose.

Fiducial markers can also be used for evaluation of the local image registration error. This
local error is influenced by non-rigid positioning differences within the mask. The extent
of such positioning differences is unclear. According to van Lin et al. the error in repeated
positioning in a customized mask is in the range of 3-4 mm [26], but this includes other
factors such as visual and manual correlation with laser guides. In this paper, the relatively
good results of image registration suggest that on average patiént positioning was
adequate, and well within the range found by van Lin et al. Nevertheless, some of the
patients were indeed subject to slightly suboptimal positioning, due to relative
inexperience of PET personnel in postioning of the customized mask. This suggests that
the accuracy of the image registration may improve even further, as experience grows.

Fig.4 Accuracy of image registration The ertors 'ri image registration, as performed by the
different applied techniques (Ml = mutual information, ME = manua* emission images,
MT = Manual transmission images, iCP = Iterative closest point, LM = landmark). The
graph shows that the lowest error in the center of the IMRT field can be achieved using
the Landmark-based method (LM) From the methods that do not depend on fiducial
markers, the ICP methocl proves the most accurate

MI: Markers -
Center -

ME: Markers -
Center -

MT: Markers
Center -

ICP: Markers
Center

LM: Markers
Center

5 10 15

Error in image registration (mm)
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In this study, the errors in image registration were measured by markers placed well
outside the of the target volume for radiotherapy, which can be considered a ‘worst case
scenario’. The much more relevant error in the center of the planning area was estimated
by the error in a mathematically derived hypothetical marker, defined by the geometrical
center of all available surrounding markers. A drawback ofthis method is that it represents
a theoretical value. However, there is no reliable direct method to evaluate the errors in
image registration within the neck of a patiént, due to the lack of anatomical landmarks
that are well demarcated both on CT and PET transmission images, the unfeasibility of
marker placement in such areas, and unavoidable physiologic processes such as
swallowing. Wong et al. have described anatomical landmarks that may be identified in
the head and neck area on both PET and CT [27], but we considered the visibility of such
landmarks very poor, and also considered the suggested accuracy of localization of 1.3 -
8.2 mm insufficiént. Furthermore, the artificial markers were chosen as these do not
depend on tracer biodistribution and uptake, and as manual localization will be less
operator dependent. Therefore, the calculated error in the center of the planning area,
derived from fiducial markers at the edges, was considered the best available indicator of
the real error in image registration.

Fitzpatrick et al. have previously published a method for quantitative evaluation of
registration errors using recognisable landmarks [28,29],The so-called "Target Registration
Error" (TRE) expresses the displacement between any two corresponding points in the
images, in relation to the fiducial registration error (FRE) of available landmarks. This TRE is
considered to be the most accurate mathematical representation of the real registration
error at a specific point. Given the configuration and number of the markers in our study,
the calculated average position of the hypothetical marker in the center of the planning
area approaches the local TRE as defined by Fitzpatrick. The error in areas further away
from the planning area (e.g. at the anterior and posterior borders of the head and neck
area) will be somewhat underestimated, but this is considered not very relevant for
treatment planning for areas in the center field of view.

Thespatial resolution of PET imaging is in the range of4 - 7 mm (full width half maximum)
for most currently available scanners, although the image quality may be better in the
head and neckarea where photon attenuation is low [16],The geometrical uncertainty in
IMRT dosedelivery is in the range of 2-3 mm [1], Therefore, an upper limit for the error in
image registration of 3 mm can be considered acceptable for application in IMRT
planning.

The best results in image registration accuracy were achieved by the landmark-based

method. These values were considered a 'gold Standard' in rigid-body image registration
accuracy as they reflectthe mathematically achievable accuracy, includingall unavoidable
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positioning differences, mask deformations, patiént motion due to e.g. swallowing, and
sampling errors in determining the position of the markers. The average registration error
at the location ofthe landmarks is better than the values observed when using anatomical
landmarks by Wong et a., probably because the manual localization procedure of artificial
markers is more accurate and less operator independant [27], Furthermore, our results
with LM areverysimilartothose reported with integrated PET/CT scanners, which provide
an excellent tooi for image fusion for IMRT planning in the head and neck area [30,31].

In practice, LM proved to be relatively laborious and cumbersome, as for each procedure
the markers had to be filled manually, placed on the masks and subsequently removed
again. This may be overcome by using commercially available multimodality markers,
containing a solid long lived PET source. Flowever, an adequate method with no need for
markers may still be preferable.

The ICP method proved to bethe second best method, ascompared to the landmark-based
registration method. With ICP, the average error in image registration was 2.0 mm in the
center ofthe planning area, which was within the limits of accuracy of IMRT [1], ICP proved
to be significantly better than the MT and mutual information based methods. A further
advantage of ICP over the manual methods is the operator independency. An advantage
over Lhe mutual information method isthe independency ofinitial registration differences
between PET and CT. The results of the ICP method in this study were better than
previously published results of software PET/CT fusion ofthe brain in asingle patiént using
a mutual information algorithm by Lavely et al. [25], Obviously, a direct comparison with
the head-neck area is not possible. Also, Lavely et al. did show more precise registration in
a phantom, but it is not very realistic to extrapolate these results to clinical procedures.

Using ICP, three patients still showed an error of more than 3 mm in image registration in
the center of the planning area. In these cases, less experienced personnel positioned the
patiént in the fixation mask. Thus, it is likely that a smaller registration error of the ICP
method (and possibly the other methods) than reported in our series is feasible, when
experience in patiént positioning increases. This also illustrates that patiént positioning
could be the limiting factor in image registration, rather than the ICP method itself. This
supports the conclusion that PET-CT image registration using the ICP method can be
applied in the IMRT procedure.

The method ME performed significantly less accurate than the ICP method. Furthermore,
as opposed to the ICP method, both manual registration methods (ME and MT) are ope-
rator-dependent, which is a clear disadvantage. Therefore, the manual methods were
considered suboptimal for procedures in the head and neck area as compared to ICP.

45



CHAPTER3

The performance of the Ml based algorithm was somewhat disappointing, as the method
performed significantly less accurate than the ICP method, with an average error larger
than 3 mm. We have observed that the algorithm consistently converges to a reasonable
registration, but tends to deviate slightly in the final registration result as an intelligent
evaluation of edges and symmetry seems to be lacking, as opposed to the ICP method.
Furthermore, the results may vary with the extent and direction of the registration
mismatch that the Ml algorithm is confronted with initially. The results of an Ml-based
algorithm depend on several parameters, such as the number of iterations. Wefine-tuned
our parameters, but were unable to improve the results to the level of the ICP results.
Therefore, we consider the Parzen Window implementation ofthe Ml method suboptimal
for procedures in the head and neckarea as compared to ICP.

The ICP method in this study was based on registration of PET transmission images to CT.
This implies that PET without transmission images cannot be registered using the ICP
method. This is not a relevant problem, as PET-based quantitative tissue characterization
for IMRT already requires correction for photon attenuation. A further important advantage
of using transmission images is the independence ofthe choice of the radiopharmaceuti-
cal (i.e. FLT, F-Misonidazole). This allows image registration also when delineation of
anatomical landmarks in the emission images is relatively poor and tumor uptake is low.
Theoretically, image registration based on transmission images may fail in case of patiént
motion between the acquisition of emission and transmission, but the use ofa fixation
mask will prevent such problems. The fixation mask itselfis visible on CT images and may
slightly influence PET transmission images, despite its limited thickness and density.
Visualization of the mask on PET transmission images would be homogeneous and
symmetrical, and is not considered a problem for image registration. Especially the ICP
method is unaffected by symmetrical factors, such as the threshold level on PET images.
The evaluation of image registration with fiducial markers is not influenced by the
presence of the mask.

The accuracy and robustness as achieved by the observer independent ICP method has
not been published before. Only a few studies have evaluated the accuracy of rigid image
registration in the head and neckarea. As stated above, one study has shown the feasibility
of image fusion in 30 patients using manually selected anatomical landmarks [27],
although the method is very operator dependent and the average registration error of 3.8
mm (range 13- 8,2 mm) is considered insufficiént for high-accuracy procedures such as
IMRT. Another study by Klabbers et al. has also demonstrated the feasibility of mutual
information based registration with transmission images [32], but the image registration
was only evaluated for the object as awhole using afull-circle method, which provides no
information about local and systematic registration errors. The claimed average
registration error of 4 mm is exclusive additional errors due to rotation, and neglects local
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errors due to positioning differences. A study by Nishioka et al. used image registration
based on the brain only, and used visual evaluation only [33],

We have evaluated 5 different approaches to PET-CT image registration. More techniques
are available, as published in an extensive listing by Maintz et al. [20]. In this study, a
method has been selected from each category of techniques, unless inappropriate (i.e.
not applicable for inter-modality registration). Other techniques are not yet established,
such as non-rigid (elastic) registration.

The high accuracy of image registration presented in this study is only valid for rigid-body
image registration. This limits the applicability of this approach to IMRT planning in the
head and neck area, where measures can be taken to ensure reproducible positioning. It
is likely that image registration of non-rigid body parts where immobilization and
positioning tools are less effective - such as the chest and abdomen - will be less accurate,
or will require different approaches to image registration, tailored to the specific situation.

For hybrid PET/CT scanning, phantom studies have demonstrated an image registration
accuracy in the range of 0-2 mm, and for patients in the range of 1-3 mm in the head and
neck area [30], Furthermore, patiént repositioning between the acquisition of PET and CT
images is no longer required. However, many hospitals do not have access to an integrated
PET/CT scanner system. As the clinical demand for functional imaging in radiation therapy
planning is high, also in hospitals without a PET/CT scanner, validation of software image
fusion remains of relevance.

Condusions

High-accuracy rigid-body image registration of dedicated PET and CT of the head and
neck area can be performed adequately and reliably, with or without multi-modality
markers. Without using markers, the iterative closest point registration method of CT and
PET-transmission images proved to be the most accurate operator-independent image
registration method. The achieved accuracy - with an average error lower than 3 mm in
image registration - permits implementation of dedicated PET images in IMRT planning
and therapy. Our results validate the use of software image fusion of PET and CT for IMRT
planning in the head and neck area, thus permitting application of this technique
whenever dedicated PET and CT are available.
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CHAPTER 4

Abstract

Background and purpose: Target volume delineation for radiation treatment in the head
and neck area is traditionally based on physical examination, CT, and MRI. Additional
molecular imaging with FDG-PET may improve definition of the gross tumor volume
(GTV). In this study, five methods for tumor delineation on FDG-PET are compared with

CT-based delineation.

Materials and methods: Seventy-eight patients with a stage ll-IVsquamous cell cardnoma
of the head and neck area underwent co-registered CT and FDG-PET. The primary tumor
was delineated on CT (GTVct), and five PET-based GTVs were obtained: visual interpretation
(GTVVP), applying an isocontour of a standardized uptake value of 25 (GTVsuv), using a
fixed threshold of40% and 50% ofthe maximum signal intensity (GTV40%and GTVSO%), and
applying an adaptive threshold based on the signal to background ratio (GTVSR. Absolute

GTV volumes were compared, and overlap analyses were performed.

Results: The GTVsuv method failed to provide successful delineation in 45% of cases. For
the other PET delineation methods, the volume and shape of the GTV were heavily
influenced by the choice of the segmentation tooi. On average, all threshold-based
PET-GTVs were smaller than on CT. Nevertheless, PET frequently detected significant

tumor extension outside the GTVct (15%-34% of PET-volume).

Conclusions: The choice of a segmentation tooi for target volume definition of head and
neck cancer based on FDG-PET images is not trivial, as it influences both volume and
shape of the resulting GTV. With adequate delineation, PET may add significantly to CT

and physical examination-based GTV definition.
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Introduction

Progress in radiation oncology enables delivery of radiation treatment with increasing
geometrie precision. This requires a re-evaluation of target volume delineation, which is
traditionally based on physical examination, computed tomography (CT) and magnetic
resonance imaging (MRI). In recent years, new methods have been introduced for
visualization of tumor tissue. In addition to anatomical data as supplied by CT and MRI,
‘functional' and 'molecular’ imaging techniques, such as positron emission tomography
(PET), single-photon emission computed tomography (SPECT) and magnetic resonance
spectroscopy (MRS), allow visualization of biological characteristics, with several potential
advances. The primary tumor may be identified more accurately, with consequences for
the size and shape of the gross tumor volume (GTV). Tumor characteristics relevant for
radiation sensitivity can be visualized (e.g. hypoxia), which may assist in the selection of
patients for customized treatments [1], Also, intra-tumoral heterogeneity of these charac-
teristics may be identified, providing an opportunity for ‘dose painting' [2], Finally, when
imaging modalities become more accurate, the inter- and intra-observer variations in

tumor delineation will decrease, resulting in improved Standard of care.

Metabolic information, as provided by imaging 18-fluoro-deoxy-glucose (FDG) with PET,
has been incorporated into target volume delineation by many groups [3]. Tumor
localizations can be identified and localized with high sensitivity, due to the high contrast
resolution of PET. However, application of FDG-PET data for target volume delineation is
not straightforward, as identification of tumor boundaries on PET suffers from a relatively
low spatial resolution and a 'blurry‘appearanceof lesions. Furthermore, FDG-PET is usually
interpreted qualitatively in diagnostic nuclear medicine, whilst in radiation oncology a
more quantitative approach is required for tumor contouring [4], Currently, various
methods for FDG-PET based target volume definition are in use. Visual interpretation isthe
most commonly used method [5-12], This method, however, is susceptible to the
window-level settings of the images and is highly operator dependent. Therefore, other
- more objective - methods have been explored. Examples are isocontouring based on
either a standardized uptake value (SUV) of 2.5 around the tumor [10, 13 14], a fixed
threshold of the maximum signal intensity [15-21], or on a threshold which is adaptive to
the signal to background ratio [22], The utility of these methods for tumor delineation in

the head and neck area is currently unknown.

Thechoice of method fortumor delineation on FDG-PET mayinfluenceGTVdetermination,
with consequences for the outcome of radiation therapy. The aim of this study was to
compare different methods for tumor delineation with FDG-PET, relative to CT-based

delineation, for radiation therapy planning in head and neck cancer patients.
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Materials and methods

Patients

Seventy-eight patients (59 males and 19females, median age 61 years, range 43-86 years)
with stage II-IV squamous cell carcinoma of the head and neck area, eligible for primary
curative radiotherapy, were prospectively enrolled from June 2003 until July 2006. The
tumor characteristics are summarized in table 1 The study was approved by the Ethics
Committee of the Radboud University Nijmegen Medical Centre and all patients provided

informed consent.

Table 1 Tumor characteristics

Tumor site Oral cavity
Oropharynx
Hypopharynx
Larynx

T stage T1
T2
T3
T4

Rﬂ%'&pﬁ@fﬁm

Total

Image Acquisition

Prior to treatment, a CT scan and an FDG-PET scan were acquired in radiation treatment
position, the patiént being immobilized by a custom-made rigid mask covering head,
neck and shoulders. Maximum reproducibility in positioning was assured by the use of
additional support systems: a flat scanning bed, a customized head support cushion, an
intra-oral mould when indicated, a Standard cushion supporting the knees, and a laser
positioning system. The median interval between CT and FDG-PET was 3 days (range 0-10
days). CT scan was always performed prior to PET-scan. CT scans were acquired using a
multislice spiral CT scanner (Philips AcQsim, Philips, Cleveland, USA). Scanning parameters
were 130 kV, 120 mAs, slice distance and slice thickness 3 mm, scanning from above the

frontal sinuses to below the clavicles, with intravenous contrast.

FDG-PET was acquired using a full-ring dedicated PET scanner (Siemens ECAT Exact 47,
Siemens/CTI, Knoxville, Tennessee, USA). Patients with diabetes mellitus were not
excluded. However, glucose levels had to be appropriately regulated (glucose levels at

time of FDG injection < 10 mmol/I, no insulin administration prior to FDG injection). A 3D
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emission scan of the head and neck area and a 2D Germanium-68 based transmission
scan for attenuation correction were acquired 60 minutes (median 64 minutes, S.D. +11.4)
after intravenous injection of 250 MBqg FDG (Mallinckrodt Medial, Petten,The Netherlands).
The acquisition time per bed position was 5 minutes for emission and 3 minutes for the
Germanium-based transmission scan, resulting in a total scanning time of 16 minutes for
the two bed positions. Emission and transmission scans were reconstructed using a 2D
ordered subset expectation maximization (OSEM) iterative algorithm, with parameters
(4 iterations, 16 subsets) optimized for low photon attenuation in the head and neckarea

as described elsewhere [23].

The image registration procedure has been described in detail previously [24], In brief,
three-dimensional surface models were automatically derived from both the CT and the
PET transmission images. These models were anatomically co- registered using an opera-
tor-independent iterative closest point algorithm, with an average registration error of 2.0
mm at the centre of the planning area. Afterwards, the PET transmission images were
replaced with the PET emission images. In addition, a second PET data set was generated
in which the original values were replaced with calculated SUV values. SUV was defined as
the voxel value of detected activity (in Bq/ml) multiplied by the weight of the patiént (in
kg) divided by the activity at the beginning of the scan (in Bq) multiplied by 1000 [25].

The CT and the two PET data sets were transferred via DICOM to a Pinnacle” treatment
planning system (Philips Medical Systems, Andover, MA, USA) for target volume definition

and subsequent volume analysis.

Target Volume Definition
The primary tumor was delineated on CT and FDG-PET images by two experienced
radiation oncologists in consensus. The role of FDG-PET in detection of metastatic lymph

nodes will be the subject of a separate analysis.

On CT images, manual delineation of the GTVct was performed according to current
clinical protocols, using information gathered from physical examination, available
diagnostic workup imaging modalities (CT and/or MRI, examination under general
anesthesia) and the CT in treatment position. When the radiation oncologists were
drawing the GTVcr contours, the FDG-PET images were blinded.

Five PET-based GTVs were obtained using different delineation approaches. Visual
delineation (GTVVP) was performed by contouring FDG activity clearly above normal
background activity. Localizations with increased FDG uptake were classified malignant in
consensus with an experienced nuclear medicine physician. The other (threshold based)
GTVs were obtained using in-housedeveloped software scripts for the Pinnacle3treatment

planning system. SUV-based delineation was obtained by applying an isocontour of
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SUV=2.5 (GTVsuwv) around the tumor. Two thresholds were based on fixed percentages of
the maximum signal intensity in the primary tumor, of 40% (GTV40% and 50% (GTV50%)
respectively. Finally, an adaptive threshold delineation (GTVSBR) based on the signal-to-
background ratio (SBR) was performed, as developed at Université St. Luc in Brussels,
Belgium [22], The maximum signal intensity was defined as the mean activity of the
hottest voxel and its eight surrounding voxels in a transversal slice. The mean background
activity wasobtained in a manually defined region of interest of approximately 10cm3 in
the left neck musculature, far away from the primary tumor and any involved lymph
nodes. Prior to delineation, scanner-specific variables that were needed for calculation of
the GTVsbr were derived by a phantom experiment as described by Daisne etal. [22], In
brief, hot spheres with different sizes in a 6.5L Jaszczak phantom were imaged at different
image contrast ratios. Optimal delineation thresholds were determined by minimizing the
square difference between true and measured sphere volumes. These results were used
to find the parameters a and b in the algorithm: Threshold=o0+bx1/SBR (in our setting

0=44.1, and 6=70.4). These data were consistent in replicate experiments.

For all FDG-PET delineation methods, air cavities were excluded from the GTV. This was
achieved using automatic contouring of air cavities on CT (Hounsfields units 0-900) and
subsequent subtraction from the GTV using an in-house developed Pinnacle3 script.
Results obtained by automated delineation algorithms were checked visually before
acceptation. A delineation was considered unsuccessful if the resulting GTV included

significant volumes of tissue that were clearly normal at visual interpretation.

Volume analysis

Absolute volumes of different GTVs were compared using paired t-test. In addition, for all
PET GTVs, in-house developed scripts were used to calculate: 1 the overlap volume of
GTVct and GTVpet, where overlap was expressed as the overlap volume of GTVct and
GTVpet relative to GTVct (overlap fractionCT (OFCT)), and as the overlap volume of GTVct
and GTVpetrelative to the five PET-based GTVs (overlap fractionPET (OFFET)); 2 the volume
enclosed by GTVct but not by GTVpet relative to GTVct, which is 1-OFCT, and 3.the volume
enclosed by GTVpet but not by GTVct relative to GTVpet, which is 1 - OFFET. Correlations

between overlap fractions were assessed by linear regression analysis.

Results

Seventy-eight patients were included in this study. Of these, 77 data sets were available
for analysis; one patiént was excluded as the primary tumor, a T2N2cMO oropharyngeal

carcinoma, was not visualized by FDG-PET
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The GTVVEcould be generated for all 77 patients. The GTVSBRsegmentation tooi resulted in an
unsuccessful volume definition in two patients. This was observed in four patients for both the
GTV4AD% and the GTV50%4 two of whom also had an unsatisfactory GTVSBR The GTVsuv
determination was not successful in 35 patients, including the four patients mentioned above.
As a consequence, this latter method was not further evaluated. Unsuccessful delineation was
not correlated with specific tumor subsites or T-stages. All unsatisfactory volumes were largely

oversized, being at least 300 cm3. An example of an inadequate GTVsuv isdepicted infigure 1

Flg 1 cTscan (A), corresponding FDG-PET scan (B) and fused image (C) of a pntieru with a
T4N2MO tongue carcinoma, showing differences in target volume definition indicated
are GTVct (red), GTVMj (light green), GTV.-v(orange), GTV,.” (yellow), GTV50% (blue),
and GTV,bb (dark green) GTVsuv is unsuccessful in this case, due to mclusion of large
aieas of normal background tissue. Note that all oiher PET-based delineations indicate
greater tumor extension towards lateral side and less towards medial side compared to
CT delineation. Also note that on this transversal slice GTVW% and GTV/p, are
indistinguishable.
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The mean absolute volumes obtained with the various delineation procedures are shown
in table 2 and figure 2. GTVct and GTVv5yielded comparable volumes but the three
threshold-based PET-GTVs (40%, 50% and SBR) all were smaller than the CT-based GTV
(p < 0.0001 for all comparisons). Furthermore, GTV50% < GTV40% < GTVv5 (p < 0.0003),
indicating that these methods resulted in significantly differently sized GTVs. The mean
volumes of GTVSO%and GTVSRwere very similar.

Table 2 GTV volume and overlap fractions for various segmentation tools

mean absolute volume mean OFCT mean OFFET
(95% CI) incm3 (95% Cl) (95% CI)
GTVct 22.7 (17.4-27.9)
GTWis 21.5(16.5-26.6) 0.61 (0.56-0.66) 0.66 (0.63-0.7)
GTVAD% 16.4(13.2-19.6) 0.55 (0.51-0.58)* 0.72 (0.67-0.77y
GTVID% 10.5(8.2-12.7) 0.39 (0.36-0.43)** 0.80 (0.76-0.85)°
GTVsbr 11.2(8.2-12.9) 0.43 (0.35-0.51)** 0.85 (0.74-0.97)

a: Confidence Interval
OFct; Overlap Fractions
OF,,ET Overlap FractlonFET

p-values (relative to GTVMS.
*p =00007, **p <0.0001, ***p <00001, °p -m0.01,00p <00001, ** p - 0C0L

The results of the overlap analyses are also shown in table 2. The mean OFCTvaried from
0.39 to 0.61, depending on the segmentation tooi used. The mean OFPETvaried from 0.66
to 0.85. A clear trend was observed with OFCTdecreasing and OFPETincreasing, from GTVV
to GTVAOh to GTVSO%, GTVsbr. This indicates that in this order the PET volume not only
decreased but was also increasingly incorporated within the CT volume. All overlap
fractions were significantly different from each other, except overlap fractions of GTV50%
versus GTVSBR. The mean GTV fraction delineated by CT but not by PET, 1 - OFCT varied
from 0.39 to 0.61. The mean GTV fraction delineated by PET but not by CT, 1- OFPETvaried
from 0.15to 0.34. The latter is further detailed in table 3, categorized for tumor subsite. The
segmentation tools performed very differently with no clear difference by tumor site or
stage and all methods resulted in a large percentage of patients having more than 20% of
the GTVpet outside the GTVcrdomain. GTV5% and GTVSR resulted in less PET-volume
outside the CT-volume than GTVvsand GTV40% An example of tumor tissue delineated by
FDG-PET but not on CT is shown in figure 3

The absolute volumes, OFCT, and OFPET of the methods GTV50% and GTVSBR were similar.
The overlap fraction of GTVSO% relative to GTVct, versus the overlap fraction of GTVSER



Fig.2 Mean absolute volumes of the various GTV methods Error bars indicate Standard
deviation of the mean

SCH

OTVct 6TVite GV  GTV*  CTvsbr

Table 3 GTVPB-located outside the GTVrT-volume

Cases with >10% of GTVpftlocated outside the GTVC-volume

gtv\S GTVA ™ GTVijosj GTVj3R
Oral cavity/oropharynx 30 (83%) 23 (68%) 17(50%) 15(43%)
Larynx/hypopharynx 35 (85%) 29 (74%) 20 (51%) 22 (55%)
Total 65 (84%) 52(71%) 37(51%) 37 (49%)
Cases with a 20% of GTV|ierlocated outside the GTVcj-volume
GTVWS GTVA gtvsbr
Oral cavity/oropharynx 19(53%) 19(56%) 8 (24%) 9 (26%)
Larynx/hypopharynx 30 (73%) 24 (62%) 13(33%) 14(35%)
Total 49 (64%) 43 (59%) 21 (29%) 23 (31%)

relative to GTVct showed a strong correlation between the two methods (Pearson
correlation r=0,85, p<0.0001). Nevertheless, the overlap of GTV50% and GTVSBR relative to

each other showed a similarity less than 90% in 26 cases. This indicates that, although the
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Flg3 CT scan (A), corresponding FDG-PET scan (R), fused image (C) and enhanced detail
of fused image (D) of a patiént with a T3N2cMO oropharyngeal carcinoma, showing
tumor tissue delineated by FDG-PET, but not by CT Indicated are GTVct (red) anc
GTVSER (dark green)

GTV50% and GTVSBR segmentation tools yield similar average GTV volumes and overlap
fractions, on an individual patiént basis, there is a geographical mismatch in a substantial

number of cases.

Discussion

in this study we compared five segmentation tools for FDG-PET based target volume
definition in a large cohort of head and neck cancer patients. There were three important

observations. First, the GTVsuv method using a fixed threshold of 2.5 failed to provide
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successful delineation in a large number of cases. Second, the volume and shape of the
GTV on PET largely depends on the segmentation tooi used. Third, PET frequently
detected extension of tumor tissue outside the GTVct, regardless of the applied

segmentation method.

Segmentation using a SUV-threshold of 2.5 resulted in an unsatisfactory large GTV in
nearly halfofthe patients. In the remaining patients it resulted in a volume that was larger
than the corresponding CT-volume, whilst the other automated segmentation tools
produced volumes smaller than GTVct.The SUV of 25 was chosen as an arbitrary cut-off
value as it represents the level that some reports use to consider a lesion as malignant, e.g.
when staging non-small cell lung cancer [14,15], although the use ofany SUVto differentiate
benign from malignant is highly questionable [26]. Furthermore, extrapolation to tumor
sites other than lung cancer is even more debatable. Lung tumors are frequently much
larger than head and neck tumors, and lung tumors are often surrounded by large areas
of very low FDG activity (i.e. normal lung tissue) whereas in head and neck cancer there is
always a significant amount of background activity, because of physiological FDG-uptake
in surrounding muscular tissue. For segmentation of primary lung cancer, Nestleero/. have
found the value of 2.5 for SUVsatisfactory [10], butthey also reported that when attempting
to delineate a lesion surrounded by tissue with significant background activity that the
GTV&auv tooi was not suitable. Based on our results, we conclude that this method is not
useful for automated target definition of head and neck cancer.

The other PET segmentation tools were successful in most, or all (GTV\I9, cases. We found
no explanation why a GTV40% and GTV50% could not be generated in four cases. Miller et
al. reported that thresholding at 40% only works when the SBR is larger than 10 [20], These
four patients all had a SBR below 10 (range 3.6 to 6.4), Flowever, 31 other patients who did
have a satisfactory GTV40% and GTV50%also had a SBR below 10. We can not conclude that

itwas a low SBR that caused the unsatisfactory GTVs.

The mean absolute GTV volume derived from visual interpretation of PET-images was
comparable to GTVct. All threshold-based PET segmentation tools, besides the rejected
SUV-based segmentation, resulted in volumes smaller than GTVCI.This was also described
by Daisne et al. [27], who compared the role of co-registered CT, MRl and FDG-PET in
delineating the primary tumor in laryngeal cancer patients prior to laryngectomy, with
contouring based on the GTVSER tooi. Compared to the reference surgical specimen all
modalities overestimated the tumor extension, but GTVSERcame closest at depicting the
true tumor volume. The differences were significant, with an average GTV on histological
examination of 12.6 cm3, whereas averages for PET, CT and MRI were 16.3 cm3, 20.8 cm3
and 23.8 cm3, respectively. We also observed this effect for CT and GTVSBR in our patients

with cancer of the larynx, oral cavity, oropharynx and hypopharynx.
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Most other studies comparing GTV definition using FDG-PET against CT or MRI in head and
neck cancer have used visual interpretation of PET images [5,9,28], All studies demonstrated
significant differences between PET and CT volumes in a large proportion of the patients.
Compared to the GTVct, the average GTVpet was smaller in one study [5], of similar size in
one study [9] and in another study larger in 40% of the cases, but smaller in the remaining
60% [28], These variable results may, at least partly, reflectthe subjective nature and operator
dependency of the visual interpretation method. Paulino etal. used a fixed threshold of50%
of the maximum signal intensity [21]. The resulting GTVpet was almost a factor two smaller

relative to the GTVct which isin good agreement with our results.

Despite the fact that on average threshold-based GTVpet volumes were smaller than
GTVct, in many cases a significant part of the GTVpet was located outside the volume
defined as GTVCIi.This suggests that GTV definition using PET may include tumor extension
that are not unequivocally depicted on CT. Note that our GTVct already included tumor
extensions found at clinical examination and examination under anesthesia. As FDG may
also accumulate in inflammatory tissue, this is a potential caveat resulting in larger
PET-based GTV not due to cancer. The relevance of peritumoral inflammation needs
further evaluation, as this could not be discriminated in the current study.

FDG-PET may also underestimate tumor volume in specific situations. Tumor parts that
are small, or that are located in a background with a relatively intense signal, could be
missed. Both Daisne etal. and Ng etal. observed that, like CT and MRI, FDG-PET failed to
identify superficial mucosal tumor extension [27,29]. Nevertheless, using PET, Ng et al.

missed only one small tumor location in a series of 124.

Given the different characteristics of GTV delineation with CT and PET, PET-based target
volume definition can be used as complementary information to the conventional
methods, but at present should not replace the CT-based volume untill the smaller
PET-based GTVs have been proven to be oncologically safe. This proof should ideally be
acquired through histological validation studies, for then one can reliably decide how to
use the additional information. GTV may be reduced using PET when dubious densities as
seenonCT prove to be FDG-negative. This will reduce overtreatmentand possibly reduce
side-effects. GTV may be expanded based on PET, when additional FDG-positive locations
are not explained by clinically evident benign inflammation. This will reduce the risk of
geographical misses. We envisage that the future role of PET in target volume definition

will be as a complementary tooi, adding to other imaging and clinical information.
The PET delineation methods resulted in GTV volumes with significant differences. Only

the GTV50% and GTVER methods produced comparable volumes and overlap fractions.
These segmentation tools, however, were not equivalent as geographical similarity
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between GTV50%and GTVSR proved to be less than 90% in 26 of 73 cases. This might be
explained by the threshoids that were generated by the GTV®Ralgorithm, which ranged
from 45.8% to 63.7%. This illustrates that for an individual patiént GTV50%and GTVSERwere
not interchangeable. The differences between the other PET-based methods were larger
both with regard to volume and overlap. This underlines the need for validated GTV
definition with PET.

All segmentation tools have inherent limitations. The main weaknesses of GTVuis are that
the resulting GTV is strongly influenced by the window-level setting of the data set and
that it is a pure subjective approach, leading to substantial intra- and inter-observer
variability [30], Using a fixed threshold (i.e. GTV40% or GTV50%) as advocated by many
research groups [15-21] is debatable. This seems to perform reasonably well in
phantom-based experiments using symmetrical volumes with homogeneous activity
and a sharp demarcation from the background activity. However, tumors may display a
heterogeneous distribution of radioactivity. They may also be more complex in shape,
which may limit the performance of the segmentation tooi in the clinical setting [31].
Furthermore, these methods imply that there is no dependency on the background
activity. When trying to apply a fixed threshold on Daisne's laryngectomy data, threshoids
ranging from 36% to 73% were necessary to fit the true tumor volume on histology [30,
32], The GTVSBRtool needs to be calibrated to the specific institutional image acquisition
and reconstruction settings and it is not ideal for low SBR images [33]. Flowever, it is the
only tooi that has been the subject of a histological validation study, and its threshold is
adapted to the signal to background ratio of an individual patiént. A novel iterative
method for lesion delineation and volumetric quantification has recently been presented,
whereby the background is subtracted from the signal, which makes it independent of
the signal-to-background ratio, and seems to be a more robust segmentation tooi [34]. It
will be of great value to investigate its performance in head and neck cancer patients. A
method that is not dependent on observer variations and SBR ratio, and that has been
validated properly, is preferable. These criteria apply bestto the GTVSBRsegmentation tooi.

Conclusions

This study shows that FDG-PET may have important consequences for GTV definition, but
that the choice of a segmentation tooi for target volume definition of head and neck
cancer based on PET images is not trivial. The absolute PET volume is dependent on the
segmentation method used. Delineation using an SUV value of 2.5 is insufficiént, and the
other evaluated methods show inconsistencies. The SBR method seems preferable, since
it uses a threshold adapted to the signal to background ratio of an individual patiént and

it does not depend on observer variability.
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In general, PET volumes were smaller than CT volumes, but PET also identified possible
tumor areas that were not contoured by the conventional CT-based method. This could
potentially improve the accuracy of GTV definition. Additional histological validation
studies are necessary before routine usage of FDG-PET data to optimize CT-derived target

volumes.
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CHAPTER 5

Abstract

Background andpurpose: The role of FDG-PET in radiotherapy target volume definition of
the neck was evaluated by comparing eight methods of FDG-PET segmentation to the

current CT-based practice of lymph node assessment in head-and-neck cancer patients.

Materials and methods: Seventy-eight head-and-neck cancer patients underwent
co-registered CT- and FDG-PET scans. Lymph nodes were classified as "enlarged" if the
shortest axial diameter on CT was =10 mm, and as "marginally enlarged" if 7-10mm.
Subsequently, lymph nodes were assessed on FDG-PET applying eight segmentation
methods: visual interpretation (PETMS), applying fixed thresholds at a standardized uptake
value (SUV) of 25 and at 40% and 50% of the maximum signal intensity of the primary
tumor (PETIWV, PET40%, PET50%) and applying a variable threshold based on the signal-to-
background ratio (PETSBR. Finally, PETA0%N, PETSOXN and PETSBRN were acquired using the

signal of the lymph node as the threshold reference.

Results: Of 108 nodes classified as "enlarged" on CT, 75% were also identified by PETV[]S, 59%
by PET40%, 43% by PETS50% and 43% by PETSBR. Of 100 nodes classified as "marginally
enlarged", only a minority was visualized by FDG-PET. The respective numbers were 26%,
10%, 7% and 8% for PETMS, PET40%, PETS50% and PETSBR PET4O%N, PET50%n and PETSBRN
respectively identified 66%, 82% and 96% of the PETvs-positive nodes.

Conclusions: Many lymph nodes that are enlarged and considered metastatic by Standard
CT-based criteria appear to be negative on FDG-PET scan. Alternately, a small proportion
of marginally enlarged nodes are positive on FDG-PET scan. However, the results are
largely dependent on the PET segmentation tooi used and until proper validation FDG-PET
is not recommended for target volume definition of metastatic lymph nodes in routine
practice.
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Introduction

Lymph node involvement in squamous cell carcinoma (SCC) of the head-and-neck is an
indicator of poor prognosis, reducing the cure rate by almost 50% [1]. Standard diagnostic
workup for assessing cervical lymph node status is performed by computed tomography
(CT) or magnetic resonance imaging (MRI). The sensitivity (50%—80%) and specificity
(70%—90%) of CT and MRI are comparable [23]- For marginally enlarged lymph nodes,
examination by ultrasound imaging with fine-needle aspiration cytology (FNAC) is
superior to CT and MRI if performed by an experienced radiologist (sensitivity and

specificity up to 76% and 100%, respectively) [4,5],

Radiation oncologists often encounter the dilemma of marginally enlarged lymph nodes
when delineating the radiation target volume of a head-and-neck cancer patiént. A
number of CT-criteria are used to assess the presence or absence of metastatic tumor
within lymph nodes. These include signs of central necrosis, conglomeration ofthe nodes
and minimal axial nodal diameter. The presence of central nodal necrosis is the most
reliable criterion determining the presence of metastatic disease [6], The size criterion of
shortest axial diameter is a compromise between sensitivity and specificity. Many
radiologists accept the CT-criteria proposed by van den Brekel etal.: minimal axial diameter
of 11mm for jugulodigastric nodes and 10mm for all other cervical nodes. These criteria
yielded a sensitivity of 89% and a specificity of 73% [7], However, a subsequent ultrasound
study suggested that a minimal axial diameter of 7mm for jugulodigastric and 6mm for
other cervical nodes was the optimal compromise for sensitivity/specificity [8], The
radiation oncologist has to decide whether or not to include these marginally enlarged

lymph nodes in the high dose target volume.

Metabolic information, as provided by imaging X-fluorodeoxyglucose (FDG) with
positron emission tomography (PET), has not provided a clear advantage in the nodal
staging of head-and-neck cancer when compared to CT and MRI [9,10]. However, this does
not disqualify FDG-PET as a potential useful tooi for delineation of the lymph node target

volume in radiotherapy planning.

FDG-PET has been incorporated into target volume delineation by many groups [11],
Various methods for FDG-PET based target volume definition are in use. Visual
interpretation is the most commonly applied method [12-15], This method, however, is
susceptible to subjective window-level settings of the images and is thus highly operator
dependent. Therefore, more objective methods have been explored. Examples are
isocontouring based on either a standardized uptake value (SUV) [1316-18], a fixed
threshold of the maximum signal intensity [19-23], or on a threshold adaptive to the sig-
nal-to-background ratio (SBR) [24],
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In a recent study, we demonstrated that FDG-PET may have important consequences for
GTV definition of the primary tumor in head-and-neck cancer, but that the choice of the

PET segmentation tooi is not trivial [25].

in this study, eight methods of FDG-PET segmentation are compared to the current
CT-based practice of lymph node assessment in order to evaluate the role of FDG-PET in
radiotherapy target volume definition of the neck, in head-and-neck cancer patients

eligible for primary radiotherapy.

Materials and methods

Patients

Seventy-eight patients (59 males and 19 females, median age 61 years, range 43-86 years)
with stage lI-IV SCC of the head-and-neck area, eligible for primary curative radiotherapy,
were prospectively enrolled from June 2003 until July 2006. The tumor characteristics are
summarized in Table 1 Staging was performed according to Standard clinical protocol.
FDG-PET was performed only for research purposes and did not influence staging. The
study was approved by the Ethics Committee of the Radboud University Nijmegen
Medical Centre and all patients provided informed consent.

Table 1 Tumor characteristics
Staging was performed according to Standard clinical protocol

Tumor site Oral cavity 6
Oropharynx 31
Fiypopharynx 9
Larynx 32
T stage Tl 1
T2 16
T3 39
T4 22
N stage NO 21
NI 10
N2a 0
N2b 17
N2c 29
N3 1
Total 78
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Image Acquisition

Prior to treatment, a CT scan and an FDG-PET scan were acquired in radiation treatment
position, the patiént being immobilized by a custom-made rigid mask covering head,
neck and shoulders. Maximum reproducibility in positioning was assured by the use of
additional support systems: a flat scanning bed, a customized head support cushion, an
intra-oral mould when indicated, a Standard cushion supporting the knees, and a laser
positioning system. The median interval between CT and FDG-PET was 3 days (range 0-10
days).

CT scans were acquired using a multislice spiral CT scanner (Philips AcQsim, Philips,
Cleveland, USA). Scanning parameters were 130 kV, 120 mAs, slice thickness 3mm, scanning
from above the frontal sinuses to below the clavicles, with intravenous contrast.

FDG-PET scans were acquired using a full-ring dedicated PET scanner (Siemens ECAT
Exact 47, Siemens/CTI, Knoxville, Tennessee, USA). Patients with diabetes mellitus were not
excluded. However, glucose levels had to be appropriately regulated (glucose levels at
time of FDG injection < 10 mmol/I, no insulin administration prior to FDG injection). A3D
emission scan of the head-and-neck area and a 2D Germanium-68 based transmission
scan for attenuation correction were acquired 60 minutes (median 64 minutes, S.D. +11.4)
afler intravenous injection of 250 MESq FDG (Covidien, Petten, The Netherlands). The
acquisition time per bed position was 5 minutes for emission- and 3 minutes for the Ger-
manium-based transmission scans, resulting in a total acquisition time of 16 minutes for
the two bed positions. Emission and transmission scans were reconstructed using an
iterative 2D ordered subset expectation maximization (OSEM) algorithm, with parameters
(4 iterations, 16 subsets) optimized for low photon attenuation in the head-and-neck area

as described elsewhere [26],

The image registration procedure has been described in detail previously [27], in brief,
three-dimensional surface models of both imaging modalities were derived and an oper-
ator-independent iterative closest point algorithm coregistered these models with an
average registration error of 2.0mm. in addition, a second PET data set was generated in
which the original voxel values were replaced with calculated SUV values. SUV was defined
as the voxel value of detected activity (in Bg/ml) multiplied by the weight of the patiént
(in kg) divided by the activity at the beginning of the scan (in Bq) [28].

The CT and the two PET data sets were transferred via DICOM to the Pinnacle”™ treatment
planning system (Philips Medical Systems, Andover, MA, USA) in order to apply the PET-

segmentation tools for metastatic lymph node identification.
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Lymph Node Identification
The lymph nodes were identified and delineated on CT images by two experienced
radiation oncologists in consensus (NodeCT).

On CT images, manual delineation of the NodeCTwas performed according to our current
clinical protocol, using all available information gathered from physical examination, CT and/
or MRI, ultrasound with FNAC and the contrast enhanced CT in treatment position. CT
criteria for pathologie nodes were: a lymph node >7mm in the shortest axis or the aspect of
central necrosis or a conglomeration of at least three nodes. Lymph nodes measuring 7 to
IOmm in the shortest axis were classified as "marginally enlarged". Nodes >10mm in the
shortest axial diameter were classified as "enlarged”. The FDG-PET images were blinded
during Nodec rdefinition. CT images were not blinded during assessment of nodal disease
by PET. All patients underwent ultrasonic evaluation of cervical lymph node regions as part
of the routine diagnostic work-up. Fine needle aspiration was performed by the radiologist
when suspicious nodes, mostly with a shortest axial diameter >7mm, were detected. Nodes
with clear clinical and radiological signs of metastatic disease were not routinely aspirated.
Of 78 patients, 55 underwent FNAC of a total of 85 lymph nodes. It must be stressed that
ultrasound with FNAC was a routine diagnostic procedure with the purpose of staging only.
FNAC was not performed with the intention to provide a substrate for validation of the PET
findings at the level of individual nodes. Eight PET segmentation tools were used to assess
FDG uptake in the nodes. Visual delineation (PETVS was performed by identifying FDG
activity clearly above normal background activity and classified "positive" in consensus with
an experienced nuclear medicine physician. For the other (threshold based) segmentation
tools in-house developed scripts for the Pinnacle3treatment planning system were used.
SUV-based identification of pathologie nodes was obtained by applying an isocontourof2.5
(PETBW). Two thresholds were based on fixed percentages of the maximum signal intensity
in the primary tumor of 40% (PET40%) and 50% (PET50%), respectively. These thresholds were
based on data derived from phantom experiments and have previously been used by other
investigators [19-23), Finally, an adaptive threshold tooi (PETSR) based on the signal-to-back-
ground ratio (SBR) of the primary tumor was used, as developed at Université St. Luc in
Brussels, Belgium [24]. The calibration and implementation of the PETSBR method was
described in detail previously [25], Results obtained by automated delineation algorithms
were checked visually before acceptation. A delineation was considered unsuccessful ifthe
resulting lymph node volumes included significant amounts of tissue that was clearly
normal at visual interpretation. For all the nodes identified by the PETVS method additional
segmentation procedures were performed now using the lymph node itself as reference
and not the primary tumor. The scripts for the PET40%, PET50% and PETSR segmentation
methods were again applied whereby now the maximum signal intensity of the specific
lymph node was used instead of the primary tumor, yielding the parameters PET40%N,
PET50%N and PETSERN respectively.
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Statistics
The number of lymph nodes identified as pathologie by each method were compared

using Wilcoxon Signed Rank and McNemar tests.

Results

Seventy-eight patients were included in this study. PETV)S could be generated for all 78
patients. For the segmentation methods depending on the FDG activity of the primary
tumor (PET40%, PETso%) PETshr) 77 patients were available for analysis as the primary tumor
of one patiént with a T2N2cMO oropharyngeal carcinoma was not visualized by FDG-PET.
The PETSBR segmentation tooi resulted in an unsuccessful segmentation in four patients.
This was observed in nine patients for both PET40% and PET50%, four of whom also had an
unsuccessful PETS8R SUV data was unavailable for one patiént. In 50 of the remaining 77
patients the PETSW segmentation was unsuccessful, including the nine patients
mentioned above. As a consequence, the PETSW method was not further evaluated.

Unsuccessful segmentation was not correlated with specific tumor subsites or stages.

Table 2 shows the number of lymph nodes identified by CT and the various PET segmentation

methods. For the /8 patients 208 nodes were classified as "enlarged” or "marginally enlarged"

Table 2 Number of lymph nodes identified by CT, PETW< PET,.OM, PETSOSjand PET SR.

Total number Number of nodes identified per patiént
ofnodes

Mean (SD)  Median Minimum Maximum p-value*

[Qi5-075]

CT>7mm 208 2.67(351) 20[0-3.0] 0 2

(N=78)

CT=>10mm 108 1.38(1.74) 1.0[0-2.0] 0 9

(N=78)

PETMS 112 1.44(1.62) 10[0-2.0] 0 6 <0001
(N =78)

petddh 68 099 (1.35 10[0-1.5] 0 6 <0.001
(N =69)

PETSD% 46 0.67(1.05)  0[0-1.0] 0 6 <0.001
(N = 69)

PETsbr 50 0.68(1.08) 0[0-1.0] 0 6 <0001
(N =74)

<Wilcoxon Signed Rank testp-value relacive to CT a 7mm

s
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according to the CT-criteria.The number of nodes identified by each of the PET methods
was significantly smaller (p=>0.001). Of the nodes classified as "enlarged" (i.e. =10mm) on CT,
81 (75%) were visualized by PETVS, 55 (59%) by PET40%, 40 (43%) by PET50%and 42 (43%) by
PETsbr (Table 3). Of the nodes classified as "marginally enlarged" (i.e. 72LOmm) on CT only a
minority was visualized by PET. The respective numbers were 26%, 10%, 7% and 8% for
PETVSS, PET40%, PETSO%and PETSBR. Both for the identification of "enlarged"” and "marginally
enlarged" nodes there were significant (p<0.004) differences between the PET
segmentation methods (Table 3). The performance ofthe various PET methods in relation

to the shortest axial nodal diameter as measured by CT is shown in Figure 1

Table 3 Number of lymph nodes identified by the various PET segmentation

methods.
p-value "marginally p-value "enlarged" p-value Number
CT&7mm enlarged” CT=10mm of patients
(N =208) CT7-10mm (N=108)
(N=100)
PETMS  107/208(51%) 26/100(26%) 81/108 (75%) 78
PETA), 64/183(35%) <0.001*  9/90(10%) <0.001* 55/93 (59%) 0.004* 69
PETS®  46/183 (25%) <0.001*  6/90(7%) <0.001* 40/93 (43%) <0.001* 69
PETsbr 507193 (26%) <0.001*  8/96(8%) <0.001* 42/97 (43%) <0.001* 74

petdn  73/107(68%) <0001+ 14/26(54%) 0001+ 59/81 (73%) <0001+ 78
petSn 89/107(83%) <O00L+ 18/26(69%) 0016+ 71/81 (88%) 0016+ 78
PETeorm  103/107(96%) 25/26 (96%) 78/81 (96%) 78

* Differonre relative to PETVB (McNemar test)
t Difference relative to PET.,BAN(McNemar test)

Different results were obtained when segmentation was performed using the maximum
intensity oftheindividual nodes as reference instead ofthe primary tumor. Ofthe 112 nodes
identified by PETVS, 74 (66%) were visualized by PETA0%4N, 92 (82%) by PET50N and 108 (96%)
by PETsbrn. Note that there is an increasing order in the number of nodes visualized by
PET40%n, PET50%n and PETSBRNwhereas this was the reverse when the primary tumor is used
as the reference for segmentation of the nodes. The performance of PET40%N, PETS50N and
PETsbrn with respect to "enlarged" and "marginally enlarged" nodes is shown in table 3. An
example of discordance between CT-and PETfindings is shown in Figure 2, including a large
node with a necrotic centre that is PET negative. Discrepancies between the various PET
segmentation methods are shown in Table 4.The largest discrepancies were found between
PETVpand the other methods and to a lesser extent between PET40%and the other methods.
There was very little discordance between PETS0%end PETSBR
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Fig. 1 Percentage of nodes positive for the various FDG-PEL segmentation methods in
relation to the shortest axial nodal diameter.

oy

15-20n =0nm
(N=23) (N=15)

Shortest axial nodal diameter

Table 4 Discrepancies between the various PET segmentation methods.

Numberof PET Positive by other segmentation method
negative nodes out of 208 nodes

i 0
a7mm on CT- PETyis PET«% PETS4 PETsfm

PETMS 101 - 4/101 3/101 3/101
PET~ 119 32/119 - 0/119 0/119
pet50% 137 49/137 18/137 — 1/137
petsbr 143 55/143 19/143 2/143

In five cases FDG-PET was positive whilst the nodes were classified as "benign" by our
Standard diagnostic workup procedure. One palpable node, 9mm in diameter on CT,
FNAC-negative on two separate occasions, was positive for PETVS and PET40%. Four nodes
not detected by physical examination, one of 7mm in the shortest axis, FNAC-negative,

but PETV-positive and three of 6mm which were positive for PETVISand PET40%.
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Discussion

Generally accepted CT-criteria for assessment of lymph nodes are nodal size, aspect of
central necrosis and conglomeration of (at least 3) nodes [29]. Radiation oncologists use
these criteria to decide which nodes should be included in the radiotherapy target
volume for head-and-neck cancer. Usually the cut-off level for size is set at IOmm shortest
axial diameter [7,9,29,30]. However, approximately 25% of nodes >10mm will not contain
metastatic disease, and 25% of nodes <10mm will harbor metastases [7], In this study we
aimed to explore whether FDG-PET can assist in the decision making of radiotherapy
target volume definition of cervical nodes in head-and-neck cancer. The sensitivity,
specificity and accuracy of FDG-PET in identifying neck node metastases has been the
subject of various histologically controlled studies, and vary for head-and-neck cancer
from 33% to 90%, 76% to 98%, and 63% to 96%, respectively [9,29-32], These variations
could be the result of differences in selection of patients, histopathological evaluation or
assessment of PET data [32], False positive FDG-PET findings can be produced by
inflammatory response in reactive lymph nodes. All these studies used visual interpretation
of PET images which is highly susceptible to inter-operator variation. For that reason it
would be preferable to use a semi-automatic threshold-based segmentation tooi that is
less operator dependent. It should be noted, however, that given the differences in
performance of these segmentation tools compared to visual interpretation as
demonstrated in the current study, this would yield different sensitivity and specificity
rates. An important observation by Dammann etal. was that FDG-PET allowed correction
of nearly all false positive CT and MRI findings [29], They compared nodal staging by CT,
MRI and FDG-PET in 64 patients with SCC of the head-and-neck and validated the results
by histopathology. The current study suggests that the number of lymph nodes
considered as metastatic according to the CT-criteria might be reduced with 25% when
FDG-PET with visual interpretation is used. It could be reduced to less than half when
semi-automatic segmentation tools are used. Dammann et al. also found that false
negative findings with CT and MRI were less frequent and harder to correct with PET [29].
It has also been reported by other investigators that the sensitivity of metastatic lymph
node detection is not significantly increased by FDG-PET [32,33]. This could be caused by
the spatial resolution of PET, whereby small intranodal tumor deposits could go
undetected, or by a low signal-to-background ratio through uptake in the surrounding
muscular tissue. Nevertheless, the current results show that of the lymph nodes measuring
7-10mm on CT-scan, still 26% were found positive on PET, albeit by visual interpretation.
The rate was significantly lower (<10%) with PET40%, PET50% and PETSBR (Figure 1). In this
context it is again important to note that the results are largely dependent on the PET

segmentation tooi used.
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Fig.2 (A) CT scan, (B) corresponding (-DG-PET scan, and (C) fused image of a patiént with a 14
oropharyngeal carcinoma show ihree lymph nodes Left (arrowl) a node that is 13tnm
inthe shortest axia! diameter that was identified by PETvis (light green) and PET4Aa
(vellow). Right (arrow2) a node of 23mm that was identified by PETVIS PETm , PETHI%
(blue; and PETSH- (dark green) The pattein of FDG-uptake in this particular node
suggests intranoda! tumor heterogeneity, Right (arrowB) an overtly metastatic node of
2imm with central necrosis that was not identified by FDG-PET

Segmentation using a SUV-threshold of 2.5 resulted in unsuccessful identification in 65%
of the patients. The arbitrary cut-off value of 2.5 represents the level that in some reports
has been used to consider a lesion as malignant, e.g. when staging non-small cell lung
cancer [17,18], although the use of any SUV to differentiate benign from malignhant is
questionable [34], Nestle etal. found the value of 2.5 satisfactory when segmenting lung
cancer [13], but also reported that this method was not useful when a lesion was
surrounded by significant background activity. Previously we concluded that this method

is not useful for automated primary tumor delineation in head-and-neck cancer [25],
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Based on the results of the current study, we conclude that this method is also not useful
for automated metastatic lymph node identification. Recently however, Murakami et al.
showed that size-based SUV cut-offvalues could be utilized in order to identify malignant
lymph node in patients with head-and-neck cancer [35], In a histologically controlled
study of 23 patients they found that a SUV of 19 for nodes <10mm in diameter, 2.5 for
nodes 10-15mm, and 3.0 for nodes >15mmyielded a sensitivity of 79% and a specificity of
99%.

The other PET segmentation tools were successful in most, or all (PETV)), cases. We found
no explanation why a PET40% and PET50% could not be generated in nine of the 78 cases.
Miller etal. reported that thresholding at 40% only works when the SBR is larger than 10
[22], These nine patients all had an SBR below 10 (range 3.6 to 6.4). However, 26 other
patients in whom successful PET40%and PETS50%were generated also had an SBR below 10,
which indicates that this is not necessarily a major obstacle.

When the maximum signal activity of lymph nodes was used asthe reference for threshold
settings instead of the activity of the primary tumor the results differ considerably. The
PETsbrn method was able to segment almost all PETV[S-positive nodes. These numbers
decreased (82% and 66%) as the threshold decreased (PETS5®Nand PET40%\) making some
lymph nodes undetectable for the tools as the threshold falls below the activity level of
the surrounding benign tissue. A reverse effect was seen when the primary tumor was
used as the reference. Given the discrepancies between the segmentation tools
demonstrated in the current study and the dependency on the threshold reference, we
believe that these segmentation tools should only be used in daily clinical practice after
proper validation, preferably against histopathological assessment of tumor extensions.
We feel therefore that, as yet, there are no strong arguments to recommend FDG-PET as a
routine for radiotherapy target volume definition of metastatic lymph nodes in

head-and-neck cancer.

Combined PET/CT scanners are rapidly replacing standalone PET scanners and also find
their way to radiotherapy departments. The suggested superiority of image fusion with
these integrated scanners over software fusion of data acquired by standalone equipment
is a matter of debate [36], The average registration error of the standalone FDG-PET and
CT images was 2.0mm in our study [27] and as there are no data indicating that PET/CT
can outperform high quality software fusion of PET and CT [36] we do not believe that the

results of the current study would differ when a PET/CT were used.
A potential future role for FDG-PET in radiation treatment planning may be in the dose

level chosen for the nodes. FDG-PET could possibly identify a category of "intermediate
risk' lymph nodes, i.e. nodes that likely contain only a small tumor burden. This may
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include the "marginally enlarged" but PET-positive nodes of 7-10mm. An intermediate
dose level may well be sufficiént in such cases. This approach could limit toxicity, without
jeopardizing the rates of cure. Possibly also nodes > 10mm but PET-negative may classify
as "intermediate risk" although here itwill be more difficult to set criteria as with increasing
size the likelihood of metastatic disease rapidly increases. Also, PET can be false negative
in larger nodes containing substantial amount of necrosis which might explain our
observation that with nodal sizes >20mm there is a decrease in the rate of PET positive
nodes (Figure 1). However, at this point the intermediate risk concept remains theoretical
until histological studies have established the value of metabolic information provided by
FDG-PET in this setting. Only then, could one consider testing the intermediate dose level

hypothesis in clinical studies.

Condusions

A substantial number of lymph nodes with a shortest axial diameter >10mm on CT-scan
and considered metastatic by generally accepted radiological criteria appear to be
negative on FDG-PET. Alternately, a proportion of nodes between 7 and 10mm are
positive on FDG-PET. The results, however, are largely dependent on the PET segmentation
too used and until proper validation FDG-PET is not recommended for target volume
definition of metastatic lymph nodes in routine practice. Which method isto be preferred,
visual interpretation or one ofthe semi-automatic segmentation procedures, isthe subject

of an ongoing validation study.
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CHAPTER 6

Abstract

Background and purpose: In head-and-neck cancer (HNC) various treatment strategies
have been developed to improve outcome, but selecting patients for these intensified
treatments remains difficult. Therefore, identification of novel pre-treatment assays to
predict outcome is of interest, in HNC there are indications that pre-treatment tumour
18-fluoro-deoxy-glucose (FDG) uptake may bean independent prognostic factor. The aim
ofthis study was to assess the prognostic value of FDG uptake and computed tomography
(CT)-and FDG-PET-based primary tumour volume measurements in HNC patients treated
with (chemo)radiotherapy.

Materials and methods: Seventy-seven stage lI-IV HNC patients eligible for definitive
(chemo)radiotherapy underwent co-registered pre-treatment CT and FDG-PET. Primary
tumour volume was determined on CT (GTVct) and FDG-PET. Five PET-segmentation
methods were applied: interpreting FDG-PET visually (PETMS), applying an isocontour at a
standardized uptake value (SUV) of 25 (PET25, using fixed thresholds of 40% and 50%
(PET40%, PETso%) of the maximum intratumoural FDG-activity (SUVMAX) and applying an
adaptive threshold based on the signal-to-background (PETSR). Mean FDG-uptake for
each PET-based volume was recorded (SUVnea). Subsequently, to determine the
metabolic volume, the integrated SUV (iSUV) was calculated, being the product of
PET-based volume and SUVnean. All these variables were analyzed as potential predictors
for local control (LC), regional recurrence free survival (RRFS), distant metastasis free
survival (DMFS), disease-free survival (DFS) and overall survival (OS).

Results: In oral cavity/oropharynx tumours PETV,Swas the only volume-based method able
to predict LC. Both PETVS and GTVct were able to predict DMFS, DFS and OS in these
subsites. iSUV's were associated with LC, DMFS, DFS and OS, while SUVnean and SUVMAX
were not. In hypopharyngeal/laryngeal tumours none of the variables were associated

with outcome.

Condusions: Thus far, there is no role for pre-treatment FDG-PET as a predictor of (chemo)
radiotherapy outcome in HNC in daily routine yet. However, this potential application
needsfurtherexploration,focusing both on FDG-PET based primary tumour volume, iSUV

and SUVMAXofthe primary tumour.
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FDG-PET-BASED TREATMENT PREDICTION IN HEAD AND NECK CANCER

Introduction

In head-and-neck cancer various treatment strategies have been developed to improve
outcome. However, it remains difficult to select patients for these intensified treatments
despite careful evaluation of the clinical factors such as tumour size/stage, lymph node
involvement and anatomie subsite.Therefore, identifkation of novel pre-treatment factors

that potentially predict treatment response and long-term outcome is of great interest [1],

The development of molecular imaging techniques, such as positron emission tomography
(PET), allows the non-invasive study of pathophysiology of cancers.

In head-and-neck cancer there are indications that pre-treatment tumour F-18-fluoro-de-
oxy-glucose (FDG) uptake may be an independent prognostic factor [1], Many research
groups have studied the incorporation of FDG-PET into radiation treatment planning, and
several ways of using PET data have been described. Visual interpretation is the most
commonly used method [2-5], This method, however, is susceptible to variations due to
the window-level settings of the images and is highly operator dependent. Therefore,
more objective methods have been explored. Examples are isocontouring based on
either a standardized uptake value (5UV) of 2.5 around the tumour [3;6-8], a fixed threshold
of the maximum signal intensity [9-13], or a threshold which is adaptive to the signal to
background ratio [3,14], We recently demonstrated that FDG-PET may have important
consequences for GTV definition ofthe primary tumour in head-and-neck cancer, but that
the choice of PET-segmentation tooi is not trivial [15]. The aim of this study was to assess
the prognostic value of CT- and FDG-PET-based primary tumour volume, and various
ways of quantifying FDG uptake in head-and-neck cancer patients treated with (chemo)

radiotherapy and to provide an overview ofthe available literature.

Materials and methods

Patients

Seventy-seven patients (58 males and 19 females, median age 61 years, range 43-86 years)
with stage IlI-IV squamous cell carcinoma of the head-and-neck area, eligible for primary
curative radiotherapy, were prospectively enrolled from June 2003 until July 2006.
FDG-PET was performed only for research purposes, and did not influence treatment. The
tumourcharacteristicsaresummarized intable 1 No information on human papillomavirus
relatedness can be provided. The study was approved by the Ethics Committee of the
Radboud University Nijmegen Medical Centre and all patients provided informed consent.
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Table 1 Tumour characteristics of 77 patients.

Tumour site Oral cavity 6
Oropharynx 30
Hypopharynx 9
Larynx 32
T stage Tl 1
T2 15
T3 39
T4 22
N stage NO 21
NI 10
N2a (o]
N2b 17
N2c 28
N3 1
Histological grade 1 4
2 37
3 33
Unknown 3
Total 77
Treatment

All patients were discussed in a multidisciplinary conference for tumour classification and
treatment recommendations. Our protocol recommended treating primary tumour and
metastatic lymph nodes to a dose 0f68-70 Gray (Gy) This was combined with concomitant
weekly intravenous cisplatinum 40 mg/m2for large unresectable tumours. Elective lymph

node regions were treated to 44 Gy.

Image Acquisition

Before treatment, a CT scan and FDG-PET scan were acquired in radiation treatment position
with the patiént immobilized by using a custom-made rigid maskcovering the head, neck,
and shoulders. Maximum reproducibility in positioning was insured by the use of additional
support systems: a flat scanning bed, customized head-support cushion, intraoral mould
when indicated, Standard cushion supporting the knees, and laser positioning system as
previously described [15], Prior to treatment, a CT-scan and an FDG-PET-scan were acquired
in radiation treatment position. CT-scans were acquireP using a multislice spiral CT scanner
(Philips AcQsim, Philips, Cleveland, USA). Scanning parameters were 130 kv, 120 mAs, slice
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distance and slice thickness 3 mm, scanning the head-and-neck area, with intravenous
contrast. FDG-PET-scans were acquired using a full-ring dedicated PET-scanner (Siemens
ECAT Exact 47, Siemens/CTI, Knoxville, Tennessee, USA). Patients with diabetes mellitus were
not excluded. However, glucose levels had to be appropriately regulated (glucose level at
time of FDG injection < 10 mmol/L, no insulin administration before FDG injection). A 3D
emission scan of the head-and-neck area and a 2D Germanium-68 based transmission scan
forattenuation correction were acquired 60 min (median 64 min, S.D. + 11.4) after intravenous
injection of 250 MBq FDG (Covidien, Petten, The Netherlands).The acquisition time per bed
position was 5 min for emission and 3 min for the Germanium-based transmission scan,
resulting in a total scanning time of 16 min for the two bed positions. Image reconstruction

has been described in detail previously [16].

Three-dimensional surface models were automatically derived from both the CT and PET
images. These models were anatomically co registered by using an operator-independent
iterative closest point algorithm, with an average registration error of 2.0 mm at the centre
of the planning area as described previously [17]. SUV was defined as the voxel value of
detected activity multiplied by the weight of the patiént divided by the activity at the
beginning of the scan.

The CT and the two PFT data sets were transferred via DICOM to a Pinnacle3 treatment
planning system (Philips Medical Systems, Andover, MA, USA) for target volume definition.

Target Volume Definition

The primary tumour was delineated on CT and FDG-PET images by two experienced
radiation oncologists in consensus. The volume of the metastatic lymph nodes was not
included. The role of FDG-PET in the delineation of metastatic lymph nodes has been

analyzed previously [18],

On CT images, manual delineation of the GTVct was performed according to current
clinical protocols, using information gathered from physical examination, available
diagnostic workup imaging modalities (CT and/or MRI, examination under general
anaesthesia) and the CT in treatment position. When the radiation oncologists were

drawing the GTVct contours, the FDG-PET images were blinded.

Five PET-based volumes were obtained using different delineation approaches. Visual
delineation (PETMS) was performed by contouring FDG activity clearly above normal
background activity. Localizations with increased FDG uptake were classified malignant in
consensus with an experienced nuclear medicine physician. The other (threshold based)
volumes were obtained using in-house developed software scripts for the Pinnacle3
treatment planning system. SUV-based delineation was obtained by applying an isocontour
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of SUV=2.5 (PET2s) around the tumour. Two thresholds were based on fixed percentages
40% (PET40%) and 50% (PET50 of the maximum signal intensity in the primary tumour
(SUVMAX). Finally, an adaptive threshold delineation (PETSR based on the signal-to-back-
ground ratio (SBR) was performed, as developed at Université St. Luc in Brussels, Belgium
[14], The calibration and implementation of the PETSBR method were described in detail
previously [15]. Results obtained by automated delineation algorithms were checked visually
before acceptation. A delineation was considered unsuccessful if the resulting volume

included significant volumes of tissue that were clearly normal at visual interpretation.

The mean FDG uptake of each PET-based volume was recorded (SUVreanVls SUVmean25,
suvnmeard%. SUVmean50%, SUVmeanBR). This was multiplied by the corresponding volume
resulting in the integrated SUV (iSUV\(s, iISUV25, iSUVAO%, iSUV50%, iSUVEER.

Treatment outcome analysis
Follow-up visits included history, inspection ofthe upper aerodigestive tract and palpation
of the neck. Local and regional recurrences were proven by histology and cytology,

respectively. Distant metastases were identified by either pathologie or radiologie proof.

Statistics

All statistical analyses were performed using SPSS version 16.0 (SPSS Inc. Chicago IL).
Differences between two categories were established using t-tests or Mann-Whitney U
testing, when appropriate. Normality of distributions were assessed using Kolmorogov-
Smirnov tests. Variables were entered as continuous variables in Cox regression analyses
to preclude the need of establishing a cut-off value for local control (LC), regional
recurrence free survival (RRFS), distant metastasis free survival (DMFS), disease-free survival
(DFS) and overall survival (0S). A p <0.05 was apriori considered as statistically significant.

Results

Tumour volume measurements

For CT based primary tumour volume measurements 77 data sets were available. PETV,S
was generated for all 77 patients, the PETER segmentation tooi resulted in unsuccessful
volume definition in two patients. A delineation was considered unsuccessful if the
resulting GTV included significant volumes of tissue that were clearly normal at visual
interpretation. This was observed in four patients for both PET40% and PETS50%, two of
whom also had an unsatisfactory PETSBR The PET25 segmentation tooi was unsuccessful
in 35 patients, including the four patients mentioned. As a consequence this latter method
was not further evaluated. All unsuccessful volume definitions were largely oversized,

being at least 300 cm3and clearly incorporated benign tissue. An unsuccessful delineation
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Fig.1 Planning CT (A), corresponding FDG-PET (B) and fusion image (C) of patienl with
T3N2bMO oropharyngeal carcinoma show differences in target-volume definition.
Indicated are gioss tumour volume (GTV) delmeated on CT (GTV,-; red, absolute
volume of 34.0cnr) and PET-based GTVs obtamed by visual interpretation (PET” light
green, volume 33 8cm)), applying an isocontour of a siandardized uptake value (SUV)
of 25 (PET,S, orange), using a fixed threshold of 40% (PET,,,,= yellow, volume 140cm3
and 50% (PET5)cg blue, volume D/Icm3 of the maximum signal intensity, applying an
adaptive threshold based on the signai-to-background ratio (SBR, PET,;es, dark green,
volume 1ISOcm3. GTV-, was unsuccessful in thiscase becauseof inclusion of large
areas of normal background tissue Note that on this transversal slice PET  and PETHK
are indistinguishable

did not correlate with specific tumour subsites or T stages. An example of an inadequate
PET25 is shown in figure 1 The mean absolute tumour volume for the various methods
were 22.7 cm3 21.5 cm3 16.4 cm3 10.5 cm3and 11.2 cm3for GTVct, PETvS, PET40%, PET50%,
and PETSR respectively. GTVct and PETV)S yielded similar mean absolute volumes, but
the threshold based methods (PET40% PET50% and PETSR) were all smaller than GTVct
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[p <0.0001 for all comparisons). Overlap and mismatch analyses performed in order to evaluate
the location of the acquired volumes, showed that more than 20% of the FDG-PET based
tumour volume was located outside the GTVCI-domain in 64%, 59%, 29% and 31% of the
cases for PETMS, PET40%, PET50% and PETSBR, respectively.

Treatment and treatment outcome

The median primary tumour radiation dose was 68 Gy (range 64-72 Gy). Three patients
were not treated; one patiént died just prior to radiotherapy, the other patiént refused
primary radiotherapy and the latter developed distant metastases prior to radiotherapy.
After a median follow up of 46 months (range 2.5-76) LC, RRFS, DMFS, DFS and OS at 2
years were 84%, 95%, 86%, 73% and 77%, respectively. Follow up was at least 24 months
or until patients' death. After primary treatment, five patients did not obtain a complete
remission. These patients did not have significantly different CT- or PET- based tumour
volumes than the patients who did obtain a complete remission. No recurrences were

seen in the areas treated to an elective dose.

Prognostic value of CT and PET

Primary tumour volume (PET- or CT-based), SUVmean, SUVMAX and iSUV were not able to
predict the chance of obtaining a complete remission. The CT- and PET-based tumour
volumes of the patients who have achieved a complete remission (n=69) are shown in
figure 2. There was a significant difference in the volumes of oral cavity and oropharyngeal
tumours as compared to laryngeal and hypopharyngeal tumours {p < 0.004, Mann-
Whitney). SUVMAX for oral cavity/oropharyngeal tumours and laryngeal/hypopharyngeal
tumours was 9.7 and 100, respectively. We analyzed LC, RRFS, DMFS, DFS and OS in
patients who achieved a complete remission (n=69) after primary treatment using primary
tumour volume (PET- or CT-based), SUVean, SUVMAX and iSUV as continuous variables in

Cox regression survival analyses.

In hypopharyngeal and laryngeal tumours, none of the CT- and PET parameters were
associated with any of the outcome-related endpoints. SUVMAX and SUVnean also had no
prognostic value in oral cavity and oropharyngeal tumours. The other results for oral cavity
and oropharyngeal tumours are presented in table 2 in these head-and-neck subsites PETVS
was able to predict LC, whereas the other volume-based methods were not. Both PET\}Sand
GTVctwere able to predict DMFS, DFS and OS. Furthermore, all iSUV methods were able to
predict LC, DMFS, DFS, and OS, albeit sometimes with borderline significance (p-values
between 0051 and 0.055). Figure 3 shows individual data points of GTVctand PETMS in
relation to LC and DFS of oral cavity/oropharyngeal tumours with a follow-up of at least 24
months. Albeit that mean values differ significantly, figure 3 also shows that there is a large
overlap in the volume range between patients with and without recurrence or death,

indicating that the discriminative power of GTVctand PETMS is limited.
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Fig. 2 Box-and-Whiskei plot depicting 5% and 95% confidence intervals (Whiskers), 25% and
75% confidence intervals (Box), and niedian of CT-and PET-based tumour volumes
of oral cavity/oropharyngeal tumours (whrte) and hypopharyngeal/laryngeal tumours
(black). There was a significant difference in the volumes of oral cavity and
oropharyngeal tumours as compared to laryngeal and hypopharyngeal tumours
(p<0 004, Mann-Whitneyl

—r
GTvet PETvis PET40% PETStRI PETsbr

Discussion

In this study we assessed the prognostic value of CT- and FDG-PET-based primary tumour
volume measurements, mean FDG (SUVnean) and maximum FDG uptake (SUVMAX), and
integrated SUV (iSUV) in a large cohort of head-and-neck cancer patients treated with

(chemo)radiotherapy.

Interestingly, PETV[Swas able to predict LC in oral cavity and oropharyngeal tumours, but
GTVct was not, while the mean volumes of PETMS and GTVctwere similar. Other studies
confirm the lack of prognostic potential of CT-based primary tumourvolume in oral cavity
and oropharyngeal tumours [33;34], Our observation that PETMS is associated with LC is

novel. It remains questionable however if visual assessment can be a reliable prognostic
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tooi given the operator dependent nature of this method. Both GTVct and PETMS could
predict DMFS, DFS and OS in these subsites. For CT-based primary tumour volume this
was also observed by Chao etal. in 3L patients with oropharyngeal cancer treated with
definitive (chemo)radiotherapy [35], Apparently, in oropharynx tumours local radiotherapy
response does not so much depend on the primary tumour volume, but possibly more
on biological characteristics of the tumour [36]. On the other hand, these results do
suggest that metastatic potential is associated with the primary tumour volume in this
head-and-neck subsite. One other study of 59 stage lll-IV head-and-neck cancer patients
treated with definitive (chemo)radiotherapy found a correlation between PET-based
primary tumour volume, using the PET25 method, and PFS [28]. Afterfurther analyses they

also found that a volume > 9.3 cm3was associated with a decreased OS.

All the iSUV methods (the product of the PET-based primary tumour volume and the
SUVmean within that volume, reflecting the metabolic volumes) were able to predict LC,
DMFS, DFS, OS, in oral cavity and oropharynx tumours, albeit sometimes with borderline
significance. iSUV is a new variable fully representing the total metabolic activity within a
predefined tumour volume. La etal. also correlated iSUV to treatment outcome, albeit
based on cumulative volumes of both the primary tumour and the PET-avid lymph nodes
[27], Flowever, they hypothesized that the effect was due to the volume and not the
product ofvolume and SUVrrean. In contrast, our data indicate that of all PET-based volume
measurements only PETMS has a predictive value, while this is the case for practically all
iSUV methods. This suggests that the product of volume and SUVnean provides more
robust parameter which could possibly be a surrogate for both tumour aggressiveness

and the total cancer cell mass.

Table 2 Primary tumour volume (PFT or CT-based) and PET-based integrated SUV as
variables of treatment outcome prediction In patients with oral cavity and
oropharynx tumours who achieved a complete remission (n=31) after definitive
(c.hemo)radiotherapy

Outcome GTVet PET**  rexw. PETm»  pgETepr ISUWB iSUVW] iSUVEX  iSUWjj

LC =01 0031 =01 =01 =01 0.021 0025 0039 0033
RRFS =01 =01 =01 =01 =01 >01 =01 =01 =01
DMFS 0.003 0.046 0.080 0.064 =01 0.055 0.023 0023 0.024
DFS 0.024 0016 =01 =01 =01 0.033 0041 0.054 0.051
0os 0.018 0.023 =01 =01 =01 0.026 0.038 0.052 0.040

LC=Local Control, RRFS - Regional Recurrence Free Survival; DMFS = Distnnt Metastasis Ree Survival; DS
* Disease Free Survival, OS = Overall Survival. Variables assesseu using Cox regression analyses The
numbers in indicate p-values.
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Fig.3 Panels showing GTVCTand PET.ASin relation to local control (a) and disease free survival
(b) of oral cavity/oropharyngeal tumours with a follow-up of at least 24 montns.
Differences were analyzed using Manri Whitney U tests.

p=0.216 p=0.045

p=0.021

In hypopharyngeal and laryngeal tumours we found no association between GTVct or
PETVSand treatment outcome, whereas several studies have demonstrated the prognostic
value of CT-determined tumour volume for outcome after definitive radiation therapy for
these subsites aswell as for nasopharyngeal cancer [37], We do not have a solid explanation
for this observation, except for the fact that we obtain high tumour control rates (LC at 2
years of 86%) compared to several other studies and consequently relatively few events

which reduces the discriminative power of any pre-treatment test.

None of the three semi-quantitative methods of PET-based tumour volume calculation
(PET40%, PET50%and PETSBR) showed associations with outcome in any ofthe head-and-neck
subsites. Itshould be noted that all three semi-quantitative methods produced significantly

smaller variability. This may also reduce discriminative power.

As the absolute volumes of FDG-PET based tumour sometimes partly located outside the
GTVc rdomain were small, it was not possible to trace the exact origin of a recurrence
precisely to whether it was located outside the GTVc rdomain, but within the FDG-PET

based tumour volume.
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Table B Summary of studies on treatment outcome prediction using SUVMs
on pre-tieatment FDG-PET of head-and-neck cancer patients treated with

defimtive (chemo)radiotherapy

Study
Lee (20)
Machtay (22)

Suzuki (30)

Brun (19)

Schwartz (25)

Allal (1)

Thorwarth(31)

Roh (24)

Halfpenny (20)

Minn (23)

Chung (26)

Soto(29)

Seol(28)

96

Patients
4
60 A

47

120C

79D

58 E

37F

59

Tumoursite

Nasopharynx (n=41)

Oral cavity/Oropharynx (n=44)
Hypopharynx/Larynx (n=16)
Nasopharynx (n=16)
Oropharynx (n=20)
Hypopharynx (n=3)

Others (n=6)

Nasopharynx (n=6)

Oral cavity/Oropharynx (n=30)
Hypopharynx/Larynx (n=10)
Maxilla (n=1)

Oral cavity/Oropharynx (n=34)
Hypopharynx/Larynx (n=20)

Oral cavity/Oropharynx (n=78)
Hypopharynx/Larynx (n=39)
Unknown (n=3)

Oral cavity/Oropharynx (n=6)
Hypopharynx/Larynx (n=5)
Unknown (n=l)

Hypopharynx/Larynx (n=79)

Nasopharynx (n=1)

Oral cavity/Oropharynx (n=55)
Hypopharynx (n=1)

Maxilla (n=1)

Nasopharynx (n=5)

Oral cavity/Oropharynx (n=16)
Hypopharynx/Larynx (n=15)
Parotid gland (n=2)
Nasopharynx (n=63)
Oropharynx (n=13)
Hypopharynx (n=6)
Nasopharynx (n=2)

Oral cavity/Oropharynx (n=46)
Hypopharynx/Larynx (n=9)
Unknown (n=4)

Oropharynx (n=13)
Hypopharynx/Larynx (n=46)

Variable
SUVMAXPTand/orMLN
SUVMAXPTand/orMLN

suvmaxpt

SUVMAX PT

SUVMAXPTorMLN

SUVMAX PT or MLN

suvmaxpt

suvmaxpt

suvmaxpt

SUVMAXPT



Prediction
DFS worse when SUVMAX > 8.0
DFS and OS worse when SUVMAX >9.0

DFS not correlated to SUVMAX

DFS and OS worse when SUVMAX >9.0

LC and DFS worse when SUVA,* >9.0

LC and DFS worse when SUVMAX >4.8

LC not correlated to SUVMAX

LC and DFS worse when SUVMAX > 8.0

OS worse when SUVMAX > 10.0

OS worse when SUVMAX

DFS not correlated to SUVMAX

LRF not correlated to SUVMAX

PFS and OS not correlated to SUVMAX

Treatment results
3y DFS 74.3%

ifSUVMAX >9.0:2y DFS 37%
if SUVMAX <9.0:2y DFS 76%

ifSUVMAX > 5.5:2y DFS 48%
ifSUVMAX <5.5:2y DFS 76%

LC 78% (‘during follow up time")

ifSUVMAX>9.0:2y LC 73%
if SUVMAX <9.0:2y LC 96%
if SUVMAX > 9.0:2y DFS 69%
if SUVMAX <9.0:2y DFS 93%

4y LC 75%
4y DFS 59%

LC 58% (‘during follow up time")

3y LC 79%
3y DFS 50%

no LC or DFS data provided

no LC or DFS data provided

DFS 78% (‘after mean followup 35 months')

2y LRF 17%

no LC or DFS data provided
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Table 3 Continued.

Study Patients Tumoursite Variable

La(27) 85 Nasopharynx (n=22) SUVMAXPT or MLN
Oral cavity/Oropharynx (n=49)
Hypopharynx/Larynx (n=12)
Unknown (n=2)

Vernon(32) 42 Nasopharynx (n=3) SUVMAXPT or MLN
Oral cavity/Oropharynx (n=27)
Hypopharynx/Larynx (n=8)
Unknown (n=4)

Current study 74 Oral cavity/Oropharynx (n=36) SUVMAX PT
Hypopharynx/Larynx (n=38)

PT =Primary Tumour, MLN = Metastatic Lymph Node; LC -mLocal Control, LRf- = Local-Regional Faiiure,

DFS mDisease Free Survival; OS =Overall Survival, PFS = Progression Free Survival

A; 19 patients definitive (chemo)radiotherapy, 41 patients surgery and (chemo)radiotherapy

B: 27 patients definitive (chemojradlotherapy, 17 patients surgery and radiotherapy, s patients surgery, i
patiént chemotherapy, 1 patleni not reporied

In our cohort the SUVMAX of the primary tumour was not able to predict radiation
treatment outcome. Table 3 summarizes the results of a literature search for studies
examining the role of pre-treatment FDG-PET SUVMAX of head-and-neck cancer patients
treated with definitive (chemo)radiotherapy in predicting outcome. Fifteen studies were
identified of which eight showed that SUVMAX could possibly play a role in predicting
radiation treatment response [1;19-25] and seven showed that it does not [26-32], These
inconsistencies could be caused by the heterogeneity of treatment modalities, the
heterogeneity of tumour sites, the use of several endpoints (i.e. LC, LRF, DFS, or OS), various
SUVMAX cut-offvalues, and using either the SUVMAX of the primary tumour or the SUVMAX
ofa metastatic lymph node. it isimportant to note that ofthe eight studies demonstrating
association between SUVMAX and outcome, six included substantial numbers who were
treated with surgery. Together, of the 408 patients included in these six studies, 227 (55%)
underwent primary surgery. in fact, the study by Brun etal. isthe only one indicating that
SUVMAX s a prognostic factor in a population treated with definitive (chemo)radiotherapy
alone, and using only the SUVMAX of the primary tumour, frnding that DFS and OS was
worse when SUVMAX>9.0 [19].Thus, based on this overview ofthe literature an unequivocal
conclusion about the predictive role of pre-treatment FDG-PET SUVMAX in head-and-neck
cancer patients treated with definitive (chemo)radiotherapy cannot yet be made. Possibly
larger cohorts of patients with homogeneous tumour and treatment characteristics
stratified for the various subsites are able to establish a role for a SUVMAX cut-off value in
order to investigate future treatment individualization. Ideally these studies should use
the same type of treatment and the same definition of treatment outcome.
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DFS and OS not correlated to SUVMAX 2y DFS 70%
2y OS 78%

DFS and OS not correlated to SUVMAX 2y DFS 71%
2y OS 83%

LC, DFS and OS not correlated to SUVMAX 2y LC 84%
2y DFS 73%

C: 73 patients definitive (chemo)radiotherapy, 3L patients surgery and radiotherapy, 16patients surgery

D: 37 patients definidve (cbemo)radiotherapy, 34 patients surgeiv and radiotherapy. 6 patients surgery, 2
patients (cherro)radiothetapy and surgery.

E: 5 patients definitive radiotherapy. 40 patients surgery and ladiotherapy, 13 patients surgery

F 16 patients definitive radiotherapy, 2 patients surgery and radiotherapy, 19 patients radiotheiapy and surgery.

Using pre-treatment primary tumour volume based on FDG-PET is appealing, and has not
been extensively reported yet. In the current study, PETMS proved to be the only PET-based
volume able to predict treatment outcome, and only inthe oral cavity and oropharyngeal
tumours. It should be noted that the discriminative potential of PETMS may be limited

because ofthe large overlap between data points of patients with and without recurrence.

The volumes generated by semi-automated PET segmentation methods were not useful

for outcome prediction.

Thorwarth etal. demonstrated that cumulative FDG-PET-based volumes of both the primary
tumour and the PET-avid lymph nodes could not predict treatment outcome in a small
series of head-and-neck cancer patients treated with definitive (chemo)radiotherapy [31],
Their PET-based volume was generated by encompassing all voxels showing a higher
intensity than 40% of the maximum value. La etal. correlated DFS and OS of 85 head-and-
neck cancer patients treated with definitive (chemo)radiotherapy to a FDG-PET-based
cumulative volumes of both the primary tumour and the PET-avid lymph nodes [27]. Their
PET-based volume was generated by encompassing all voxels showing a higher intensity
than 50% ofthe maximum value. Recently, Chung etal. correlated the DFS of 82 pharyngeal
cancer patients treated with definitive (chemo)radiotherapytoa FDG-PET-based cumulative
volumes of both the primary tumour and the PET-avid lymph nodes [26], Their PET-based
volume, generated by encompassing all voxels showing an SUV > 2.5, a significant prognostic

factor for DFS, whereas stage, histological grade, and SUVMAXwere not.
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In our cohort the PET25 segmentation method resulted in an unsuccessful delineation in

35 patients, factors that might explain this finding have been addressed in a previous
report [15],

The use of a molecular imaging modality such as FDG-PET in order to identify a robust
variable on which treatment response and long-term outcome can be based remains
attractive. Thus far, there is no role for pre-treatment FDG-PET as a predictor of outcome
in head-and-neck cancer in daily routine, given the inconsistencies between studies and
the low levels of evidence. However, this potential application of FDG-PET needs further
exploration, focusing both on FDG-PET based primary tumour volume, iSUV and SUVMAX
of the primary tumour. Preferentially these questions should be incorporated in
prospective phase Ill trials with strict criteria on treatment- and outcome parameters.
Other research questions are worth considering such as adding the data of a repeat
FDG-PET during treatment to the data acquired by a pre-treatment FDG-PET and the use
of different PET tracers such as I8F-fluoromisonidazole and 3'-deoxy-318F-fluorothymidine,
to image hypoxia and tumour cell proliferation respectively, which are well known tumour

characteristics relevant to radiation response [38],

Conclusions

Three major findings of this study are: First, in oral cavity and oropharyngeal tumours
PETVSwas the only volume-based method ableto predict LC. Both PETvsand GTVCTwere
associated with DMFS, DFS and OS in these subsites. Second, in oral cavity and
oropharyngeal tumours the volume- and SUV-derived parameters iSUVVE, iSUVAQ%,
iISUVED%, ISUVERwere consistently associated with LC, DMFS, DFS and OS, while SUVrrean
and SUVMAX were not. Third, in hypopharyngeal and laryngeal tumours none of the CT-

and PET parameters were correlated with treatment outcome.

Given the inconsistencies between studies and low level of evidence thus far, there is no
role for pre-treatment FDG-PET as a predictor of outcome in head-and-neck cancer in
daily routine yet. Duetothe heterogeneous nature of head and neck cancers, the difficulty
of obtaining large number of patients, and the variation in results, one has to be careful
interpreting the results from our and similar studies, as they are based on a relatively low
number of events. However, this potential application of FDG-PET needs further
exploration, focusing both on FDG-PET based primary tumour volume, iSUV and SUVMAX
of the primary tumour. Preferentially these questions should be incorporated in

prospective phase lll trials with strict criteria on treatment- and outcome parameters.
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CHARTER 7

Abstract

Background and purpose: FDG-PET is increasingly incorporated into radiation treatment
planning of head and neck cancer (HNC). However, there are only limited data on the
accuracy of radiotherapy target volume delineation by FDG-PET. The purpose of this study
was to validate FDG-PET segmentation tools for volume assessment of lymph node

metastases from head and neck cancer against the pathological Standard.

Materials and methods: Twelve HNC patients with 28 metastatic lymph nodes eligible for
therapeutic neck dissection underwent preoperative FDG-PET/CT. The metastatic lymph
nodes were delineated on CT (NodeCl) and 10 PET segmentation tools were used to
assess FDG-PET based nodal volumes: interpreting FDG-PET visually (PETV)S, applying an
isocontour at a standardized uptake value (SUV) of 25 (PETSW), two segmentation tools
with a fixed threshold of40% and 50% (PET40%, PET50%), and two adaptive threshold based
methods (PETSBRPETRID. The latter four tools were applied with the primary tumor as
reference and also with the lymph node itself as reference. Nodal volumes were compared

with the true volume as determined by pathological examination.

Results: Both NodeCTand PETVSshowed good correlations with the pathological volume.
PET segmentation tools using the metastatic node as reference all performed well but not
better than PETVS.The tools using the primary tumor as reference correlated poorly with
pathology. PETsuvwas unsatisfactory in 35% of the cases due to merging of the contours

of adjacent nodes.

Condusion: FDG-PET accurately estimates metastatic lymph node volume, but beyond the
detection of lymph node metastases (staging) it has noadded value overCT aloneforthe
delineation of routine radiotherapy target volumes. If FDG-PET is used in radiotherapy
planning, treatment adaptation or response assessment, we recommend an automated

segmentation method for purposes of reproducibility and inter-institutional comparison.
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Introduction

Progress in radiation oncology enables delivery of radiation treatment with increasing
geometrie precision. This requires a re-evaluation of target volume delineation, which is
traditionally based on physical examination, and anatomical imaging using computed
tomography (CT) and magnetic resonance imaging (MRI). Incorporating metabolic
information, as provided by imaging F-18-fluorodeoxy-glucose (FDG) with positron
emission tomography (PET) allows to study the pathophysiology ofcancers non-invasively
and has three potential advances: increased accuracy oftumour demarcation, visualization
oftumour characteristics relevant for radiation sensitivity and identification ofintratumoral

biological heterogeneity [1].

Many research groups have studied the incorporation of FDG-PET into radiation treatment
planning, and several ways of using PET information have been described [2]. Visual
interpretation is the most commonly used method [3-6]. This method, however, is
susceptible to the window-level settings of the images and is highly operator dependent.
Therefore, more objective methods have been explored such as isocontouring based on
either a standardized uptake value (SUV) [4,7-9], a fixed threshold of the maximum signal
intensity [10-14], a threshold that is adaptive to the signal to background ratio (SBR) [4,15]
or an iterative background-subtracted relative threshold level (RTL) [16], It has been
demonstrated that FDG-PET may have important consequences for GTV definition of the
primary tumour in head and neck cancer, but that the choice of PET-segmentation tooi is
not trivial [17]. FDG-PET may also have a role in target volume definition of metastatic
lymph nodes in head and neck cancer, but again the choice of segmentation tooi may

influence the results [18].

Studies that have validated these segmentation tools against histopathology are sparse. In head
and neck cancer two studies have prospectively compared FDG-PET determined primary
tumour volume to the histopathological assessment of laryngectomy specimens [19,20], Daisne
etai, analyzed the tumours of nine patients using a threshold based PET-segmentation tooi
(PETSR), Caldas-Magalhaes et al.,, analyzed the tumours of ten patients using the visual
interpretation method (PETMS. In both studies GTV assessed on PET best correlated with
pathology-based GTV whereas both CT and MRI greatly overestimated the volume.

A PET segmentation method using a combination of a fuzzy measure and a locally
adaptive Bayesian-based classification (3-FLAB) has recently been proposed [21], This
automatic approach combines statistical and fuzzy modelling to address specific issues
associated with 3D-PET images, such as noise and partial volume effects. In a recent study
its accuracy has been assessed using images of 18 lung cancer patients whereby the

maximum tumour diameters where compared to the pathological Standard [21],
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A gradient-based segmentation method using the watershed transform and hierarchical
cluster analysis, developed by Geets et al., showed good results after tumour volume
validation using seven ofthe nine laryngectomy specimens previously analysed by Daisne
etal. [20,22],

Zaidi et al. tested several segmentation methods again using seven of the nine
laryngectomy specimens previously analysed by Daisne etal. and found good performance
for a spatial wavelet-based algorithm (FCM-SW), which incorporates spatial information
during the segmentation process [20,23], This recent publication provides a good
overview ofthe current PET segmentation methods [23],

The aim of the current study was to correlate the volume of metastatic lymph nodes in
head and neck cancer patients assessed by CT and various FDG-PET-based segmentation

methods with the volume as determined by pathological examination.

Methods and materials

Patients

Twelve patients (all male, median age 60 years, range 50-75 years) with histologically
proven squamous cell carcinoma metastases in one or more cervical lymph node eligible
for therapeutic modified radical neck dissection were prospectively enrolled from July
2008 until February 2011. The primary tumour site was unknown (n=4), oropharynx (n=3),
oral cavity (n=2), larynx (n=1), hypopharynx (n=1) and auricular skin (n=1). The study was
approved by the Ethics Committee of the Radboud University Nijmegen Medical Centre
and all patients provided written informed consent.

Preoperative image acquisition

The median interval between imaging and surgery was 6 days (range 1-23 days, in two
patients the interval being more than two weeks). The patients underwent preoperative
integrated FDG-PET and CT imaging on a hybrid PET/CT scanner (Biograph Duo; Siemens/
CTI). All scans were performed with the patiént supine and immobilized with an individual
head support and a rigid customized mask covering the head and neck area to reduce
movement artefacts during image acquisition. Patients with diabetes mellitus were not
excluded, provided that glucose levels were appropriately regulated (glucose levels at

time of FDG injection < 10 mmol/I, no insulin administration prior to FDG injection).
Emission images of the head and neck area were recorded 60 minutes after intravenous

injection of 250MBq of FDG (Covidien, Petten, The Netherlands), with 7 minutes per bed

position in 3-dimensional mode. PET images were reconstructed using the ordered-
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subsets expectation maximization iterative algorithm with parameters optimized for the
head and neck area (i.e., 4 iterations, 16 subsets, and a 5-mm 3-dimensional Gaussian filter
[24], In addition, CT images were acquired using 80 mAs, 130 kV and a 3-mm slice width.

After reconstruction, standardized uptake value (SUV) PET images were created with
in-house developed software correcting for injected dose, decay of the tracer, and patiént
body weight. The PET and SUV-PET images were resliced using the CT format as a
reference. All image data sets were imported into the Pinnacle3treatment planning system
(Philips Medical Systems, Andover, MA, USA) in order to perform volume analyses.

Lymph Node Analysis

Pathology proven and FDG-PET positive metastatic lymph nodes were delineated on CT
images by two experienced radiation oncologists in consensus (NodeCl). Ten PET
segmentation tools were used to assess FDG uptake in the nodes. Visual delineation
(PETVP was performed by identifying FDG activity clearly above normal background
activity.

For the other (threshold based) segmentation tools in-house developed scripts for the
Pinnacle3treatment planning system were used. SUV-based segmentation of pathologie
nodes was obtained byapplying an isocontourof 2.5 (PETswv).Two threshoids were based
on fixed percentages of the maximum signal intensity in the primary tumor of 40%
(PET40%) and 50% (PET50%), respectively. An adaptive threshold tooi (PETSBR) based on the
SBR of the primary tumor was used, as developed at Université St. Luc in Brussels, Belgium
[15]. The calibration and implementation of the PETSR method was described in detail
previously [17], Finally, an in-house developed tooi (PETrtl) was used, which generates an
iterative background-subtracted relative threshold level (RTL) as previously described in
detail [16].

The PET40%, PETS50% PETsbr and PETrtl methods all used the PET signal of the primary
tumour as reference. The scripts for these segmentation methods were again applied
whereby now the maximum signal intensity of the specific metastatic lymph node itself
was used, yielding the parameters PET40%N, PETS0%N, PETSBRN, and PETRILN respectively.

Results obtained by semi-automated delineation algorithms were checked visually before
accepting the results. The PET-volume of a pathologie lymph node was considered 0 ifthe
segmentation method failed to identify FDG-uptake (i.e. in case of a high segmentation-
threshold). Ifthe segmented PET-volume included significant amounts of tissue that was
clearly normal atvisual interpretation ofthe CT-scan (e.g clearly uninvolved muscle or fatty
tissue), the lymph node was considered "unidentified" Ifthe segmentation procedure was

influenced by one or more adjacent metastatic lymph nodes and the resulting volume
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encompassed more than one metastatic node, this was considered "clustering". If lymph
nodes remained unidentified or if clustering occurred, the segmentation results were

excluded from further analysis.

Pathology procedure

FDG-PET/CT images were available at the pathology department. Directly after surgery,
the relevant lymph nodes were identified and excised from the neck dissection specimen
by an experienced pathologist. Perinodal fibrous and fatty tissues was meticulously

removed.The volume of the lymph node was then measured using water submersion.

Statistics

All statistical analyses were performed using SPSS version 20.0 (SPSS Inc. Chicago IL) and
GraphPad Prism 4.0c (GraphPad Software, San Diego CA) for Mac. Linear regression
analyses were performed of a segmentation method against the Standard, i.e. volume as
determined by pathological examination, and fits were reported as slope and 95%
confidence intervals. Difference plots were generated by plotting the % difference from

histopathological volume value. A p <0.05 was aprioriconsidered as statistically significant.

Results

Atotal of 28 metastatic lymph nodes were delineated on CT-scan and recovered in the 12
neck specimens. The lymph node characteristics are shown in table 1 The median
pathological volume of the metastatic lymph nodes was 3.5 cm3 (range 0.5 - 65 cm3).

PETVBwas generated for all 28 nodes. Segmentation tools requiring the maximum signal
intensity of a primary tumour could not be generated in five patients, of whom four had
an unknown primary tumour and one had a small tumour located in the oral cavity which
was undetected by FDG-PET.

The volume oftwo metastatic lymph nodes was O for both PETSWand PETrtl.

One metastatic lymph node remained unidentified with PET40%n, PET50%N, PETsbrn, and
PETrtIn. Clustering occurred once with PET40%N and PETrtlIn, twice with PETSBRN, and ten
times with PETSWV.

Figure 1shows the metastatic lymph node volumes as determined by submersion of the
dissected node, CT measurement, and the FDG-PET-based segmentation methods. It
demonstrates that the volumes generated by segmentation methods using the maximum
PET signal intensity of the metastatic lymph node as reference (i.e. PET4A0MN, PETS50/N,
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Table 1 Lymph node sizes.

<lcm 1
1-2cm 10
2-3cm n
3-4cm 1
4-6 cm 5
Total 28
athological volume
<1lcm3 1
1-2cm3 3
2-3 cm3 2
3-4 cm3 9
4-10 cm3 7
>10cm3 6
Total 28

Fig.1 Box and whisker plot showing 5% and 95% confidence intervals (whisters). 25%and
75% confidence intervals (boxes), and median of the metastatic lymph node volumes
as determined bv pathological examination, CT measuremenr, and the various FDG-
PET-based segmentation methods.
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Fig. 2a-1 correlation of CT- and FDG-PET based (PETMS PETSW, PET”, PETA0WN, PETSD/ and
PET5aw)) metastatic lymph node volumes in relation tothe corresponding
pathological volume The line in the correlation plots represents identity (y =X).

PETSBRN, and PETrtIn) were in the same range as the pathological volumes. PETsuvand the
segmented volumes where FDG-uptake in the primary tumour served as the reference all
demonstrated much larger variability. Figure 2 shows the correlation of CT- and FDG-PET
based metastatic lymph node volumes in relation to the corresponding pathological
volume and the difference plots. The resulting slopes and 95% confidence intervals after
linear regression analyses of the various difference plots are shown in table 2. The data
clearly indicate that the methods using the maximum PET signal of the primary tumour as
reference (i.e. PETA0%, PETS50% PETSBRand PETrtl) perform poorly with slopes significantly

deviating from 1 and large confidence intervals. Both NodeCTand PETviswere closely
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Fig. 2a-2 correlation of CT- and FDG-PET based (PETER PETsmH, PETrtl, and Pt rRILN
metastatlc lymph node volumes in reiation to the corresponding pathologicsl|
volume. The line in the correlation plots represents identity (y =X.

PETgaRfl

PETril PETrtuj

related to the pathological volume with slopes (confidence intervals) being 0.7708 (0.635
to 0.907) and 1.1440 (0.958 to 1.330) respectively.

The smallest FDG-PET positive metastatic lymph node was 0.5 cm3, its NodeCTand PETVS
were 0.6 cm3and 0.3 cm3, respectively. There were three nodes with avolume of 2L0cm3.
Their NodeCT and PETMSwere 0.4 cm3,0.9cm3, L0cm3 and 11 cm3, 0.8 cm3, 0.6 cm3,

respectively.
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Fig. 2b Difference plots of CT- and FDG-PET based metastatic lymph node volumes in
relation to the corresponding pathological volume The 95% confidence Intervals

are shown as dotted lines
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Table 2 Linear regression of CT and PET segmentation against pathological volume.

Slope confidence interval (range) p-value
NodeCT (N=28) 0.7708 0.635 to 0.907 (0.272) <0.0001
PETMS (N=28) 11440 0.958 to 1.330 (0.372) <0.0001
PETSW (N=18) 1.2550 1.006 to 1.504 (0.498) <0.0001
PET40% (N=8) 0.4391 0.052 to 0.826 (0.774) 0.0315
PETA40%n(N=26) 0.7236 0.624 to 0.824 (0.120) <0.0001
PETSO% (N=8) 0.2786 0.014 to 0.543 (0.529) 0.0415
PETS0%n (N=27) 0.5522 0.479to 0.626 (0.147) <0.0001
tebr 0.4716 0.163 to 0.780 (0.617) 0.0086
PETsbrn (N=25) 0.5587 0.506 to 0611 (0.105) <0.0001
PETrtl (N=8) 0.3786 0.114to 0.643 (0.529) 0.0117
PETrtin (N=26) 0.45%4 0.414 to 0.505 (0.091) <0.0001

Discussion

In this study, we have compared volume of metastatic lymph nodes in head and neck
cancer patients assessed by CT and various FDG-PET-based segmentation methods to the

pathological Standard.

As expected, segmentation methods using the maximum PET signal intensity of the
metastatic lymph node as reference all performed better than the methods using the
signal of the primary tumour as reference. In the latter situation the nodal volume is likely
to be underestimated if the primary tumour has higher FDG uptake than the node,
whereas the nodal volume can be overestimated if the primary tumour shows lower
uptake. A segmentation method with reference directly related to the object of study is
likely to perform best. Of the remaining segmentation methods there was not one
method clearly outperforming the others.The non-automated PETV[Sand also NodeCTdid
not show poorer results, but actually to some extent performed better than the automated
methods. Generally NodeCT slightly underestimated (slope 0.7708) and PETMS slightly

overestimated (slope 1.1440) metastatic lymph node volume.

Tracer uptake heterogeneity can influencethe delineation results of any threshold-based
method due to their binary nature. Flowever, variation in tracer uptake within the GTV was
found notto be of influenceon the precision of any of the delineation methods assessed

here (data not shown).
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Due to partial-volume effect (PVE), there may be underestimation of the actual FDG
uptake, especially in small tumour masses [25]. PVE can cause intensity values in an image
to differ from what they ideally should be due to two distinct phenomena [25]. The first is
the image blurring due to finite spatial resolution of the imaging system, which is limited
by the detector design and the reconstruction process, the second isimage sampling due
to the voxel grid [25]. The educational publication by Soret etal. provides a good overview
of PVE. PVE should be kept in mind when analyzing relatively small metastatic lymph
nodes, especially as correction for PVE may be associated with methodological issues [25].
No PVE correction was implemented in our study. Flowever, in metastatic lymph nodes
larger than 1cm3 the performance of all methods of segmentation did not appear to be
related to the tumour mass, i.e. errors in volume estimates were independent over the

range of node size studied.

Volume estimates based on CT and visual interpretation of PET-images were reasonably
accurate and comparable. In a previous study of 78 head and neck cancer patients the
primary tumour volumes based on CT and PETV5were also comparable, but there was often
a significant geographical mismatch as PET frequently detected extension of tumour tissue
outside the CT-based tumour volume [17]. For primary tumour delineation the addition of
FDG-PET data might therefore be beneficial, especially in cases where the extension of the
primary tumour is difficult to discriminate from the surrounding nonmalignant tissue or in
areas where CT- and MR-images are disturbed by artefacts, e.g. dental fillings. Flowever, as
most metastatic lymph nodes are surrounded by fatty tissue, the CT-based delineation of a
metastatic node is less error prone. The benefit of FDG-PET for delineation of metastatic
lymph nodes might be limited to selected cases, for example nodal metastases with
extensive extracapsular spread and invasion of muscular structures, skinny individuals, or

situations where use of CT- or MR-contrast enhancing agents is contra-indicated.

If FDG-PET is used for radiotherapy target volume definition of lymph node metastases,
the results of the current study do not support a clear preference for any automated
segmentation method. PETvIsyielded acceptable results even though it has its well known
shortcomings, i.e. dependent of window-level settings and interoperator variability. The
shortcomings of visual delineation, however, do limit that our observations in our
single-centre study can be extrapolated to other settings. Therefore, objective PET
segmentation methods are preferable. All currently analyzed semi-automated PET
segmentation methods are threshold-based, using either fixed or adaptive approaches
incorporating the background activity. Segmentation methods using adaptive threshoids
such as PETSBRN and PETrtin have a theoretical advantage over the methods using fixed
threshoids (PET40%N and PET50/N) since these provide a more tailored solution (i.e. adapt to
the environment and background of the object of segmentation. This study shows that

their performance is good, but they do not perform better than PET40%N (table2).
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All these approaches are system-dependent, they require manual delineation of background
regions of interest, and their performance depends on parameters requiring optimization
using phantom acquisitions for each scanner and reconstruction. An interesting novel
approach to PET lesion segmentation uses a combination of a fuzzy measure and a locally
adaptive Bayesian-based classification (3-FLAB). This automatic approach combines
statistical and fuzzy modelling to address specific issues associated with 3D-PET images,
such as noise and partial volume effects. In a recent study its accuracy has been assessed on
both simulated and clinical images of complex shapes containing inhomogeneous activities
and small regions [21], It was demonstrated that accuracy and robustness of this algorithm
are higher compared with adaptive threshold methods. Other novel approaches include the
gradient-based segmentation method using the watershed transform and hierarchical
cluster analysis as developed by Geets et al. and the spatial wavelet-based algorithm
(FCM-SW), which incorporates spatial information during the segmentation process and was
recently tested by Zaidi etal. [22,23]. The recent publication by Zaidi etal. provides a good
overview of the current PET segmentation methods [23].

To our knowledge the current study is the first to prospectively validate study FDG-PET
volume assessment of metastatic lymph nodes in head and neck cancer or any other
tumour site. In head and neck cancer two groups have prospectively compared FDG-PET
based tumour volume to the pathological Standard and three other groups performed
retrospective analyses [19,20,26-28]. The focus was, however, mostly on the primary
tumour and only one of the retrospective studies included cervical lymph node
metastases in the volume assessments but results were not reported separately from

primary tumour volumes [27],

Pathologie tumour volume was overestimated by PETVIs in one study [19], and
underestimated by PETMS in another study [27]. Tumour volume was overestimated by
segmentation tools using various fixed SUV thresholds in three studies [26-28], Also, PETSBR
overestimated true tumour volume but was significantly better than CT and MRI [20], One
study found that CT and PET40%were closest to the histopathological Standard [27],

The pathology procedure used in the current study has potential shortcomings. First,
perinodal fibrous and fatty tissue was carefully removed but in some cases small residuals
remained. Second, the lymphatic tissue is not always completely replaced by tumour,
especially in the smaller nodes. And, finally, no strict correction could be made for areas of

intranodal necrosis.

A limitation of this study is that the total number of patients is relatively small.

117



CHAPTER1

On the basis of this study, it seemsjustified toconcludethat FDG-PET will not improve the

overall accuracy of radiotherapy target volume definition of metastatic lymph nodes.

This does not disqualify other potential applications of FDG-PET in radiation treatment of
head and neck cancer patients, such as increased accuracy for identification ofthe tumour
and its metastases, visualization of tumour characteristics relevant for radiation sensitivity
and identification of intratumoral biological heterogeneity and also its potential role in
treatment response prediction and evaluation [1,18,29,30], For all these situations a
standardized method of PET-signal interpretation is highly preferable. Such a method
should be operator independent, easy to use, and calibration should be straightforward,
in order to facilitate multicentre introduction. This would allow proper comparison of
results of various research groups, and should be the basis of new multicentre study

protocols.

In conclusion, FDG-PET accurately estimates metastatic lymph node volume, but we do
not recommend FDG-PET for routine radiotherapy target volume delineation of lymph
node metastases as it has no added value over CT alone for this indication unless in
selected circumstances where demarcation from the surrounding tissues is difficult. If
FDG-PET is used in radiotherapy planning, treatment adaptation or response assessment,
we recommend an automated segmentation method for purposes of reproducibility and

to facilitate inter-institutional comparisons.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

High-precision radiotherapy for head and neck tumors

The field of radiation oncology has changed dramatically after the wide introduction of
computer-optimized intensity modulated radiation therapy (IMRT) in the beginning of
the 214 century. IMRT is based on the use of numerous radiation beams with optimized
nonuniform 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 oncologist. IMRT can thus achieve much better
dose conformitythanconventional radiotherapy techniques. With this technique, different
dose prescriptions to multiple target sites can be delivered. It also facilitates boosting of
high radiation doses to the primary tumor while reducing the dose to radiation-sensitive
tissues adjacent to the tumor such as the salivary glands and swallowing structures [1-5],
Due to the highly conformal dose distribution and steep dose gradients used in IMRT,
knowledge about the localization and boundaries of the primary tumor and of the
cervical lymph node metastases is of increasing importance. For this purpose, biological
imaging using positron emission tomography (PET) may augment traditional imaging

methods such as computed tomography (CT) and magnetic resonance imaging (MRI)

(Fig.1)

FDG-PET

In 2008 a multidisciplinary expert panel developed recommendations for the use of
FDG-PET in oncology practice [6], Their recommendations on the use of FDG-PET for the
detection and staging of head and neck tumors are briefly summarized.The expert panel
concluded that FDG-PET should not be added to conventional anatomie imaging in the
routine diagnostic work-up of primary head and neck tumors [6]. This conclusion was
drawn because the available data were too uncertain as to whether FDG-PET can
determine the anatomie extent of the primary tumor more accurately than CT or MRI. This
recommendation remains unaltered in an evidence based guideline for the use of PET in
head and neck cancer published in 2013, and the only routine indication for FDG-PET is for
the detection of an unknown primary head and neck tumor as FDG-PET clearly
outperforms CT or MRI [7], Regarding the detection of cervical lymph node metastases,
the expert panel concluded that FDG-PET had a higher specificity, sensitivity, positive
predictive value and negative predicted value than CT and MRI. Therefore, its use in
routine nodal staging was recommended [6], This recommendation, however, did not
incorporate a meta-analysis by Kyzas etal. that was published shortly thereafter [8], This
meta-analysis reviewed 35 studies using FDG-PET for the pretreatment evaluation of the
lymph node status. The authors concluded that there was no solid evidence to support
the routine application of FDG-PET, as the sensitivity and specificity improved by only 5%
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Fig.1 FLT-PET/CT scan for image-guided high-precision radiation treatment planning in
oropnaryngeal cancer

-7% compared with conventional imaging modalities, but direct comparison revealed no
statistically significant differences. In the subset of studies only enrolling patients without
clinically apparent cervical lymph node metastases, the sensitivity was only 50% and not
better than conventional imaging methods, specifically ultrasound with fine-needle
aspiration cytology. From these contradictory recommendations, it is clear that this issue
is unresolved and requires further study. In 2012, a review stated that FDG-PET does not
improve accuracy for nodal staging of head and neck tumours to a clinically relevant
degree when compared toCTor MRI [9], In 2013, the evidence based guidelineforthe use
of PET in head and neck cancer recommended FDG-PET for nodal staging only when

conventional imaging was equivocal, or when treatment may be significantly modified.
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For the detection of distant metastases, FDG-PET might be beneficial in patients with
advanced-stage disease, in whom the odds of having distant metastases are greater [6]. In
these patients, the FDG-PET fmdings may alter the treatment intention from curative to
palliative and thus affect the total dose and fractionation scheme. Additionally, it may
reduce treatment-related side effects in those patients, as the selected treatment volume
is often confined to the primary tumor or the metastatic lymph nodes causing discomfort

or pain.

As discussed, the value of FDG-PET for staging of the primary tumor and the cervical
lymph nodes is controversial. Flowever, in the meantime the incorporation of FDG-PET

data for radiation treatment purposes is performed in an increasing number of patients.

Delineation of radiation therapy target volume: primary tumor

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

readings caused by inflammation.

A reduction of interobserver variability has been demonstrated for non-small cell lung
cancer when FDG-PET was incorporated in GTV delineation [10-11]. In patients with head
and neck cancer, this finding has been less consistent. Ciernik etal. investigated the value
of FDG-PET in 39 patients with various solid tumors, of which 12 were head and neck
cancer [12]. The investigators found both increase (225%) and decrease (<25%) in half the
patients when GTV delineation was based on CT alone compared with FDG-PET/CT.
When GTV delineation was compared between two experienced radiation oncologists,
the mean volume difference of 26.6cm3byCTalone was reduced to9.1cm3with FDG-PET/
CT [12]. Riegel etal. found conflicting results when two experienced radiation oncologists
and two neuroradiologists delineated 16 patients with head and neck cancer [13]. On
average, the GTV based on FDG-PET/CT were larger than the corresponding CT-based
volumes. Furthermore, the authors observed a large discrepancy between the GTV
delineation of the two radiation oncologists, with one delineating larger volumes on CT
and the other on FDG-PET/CT [13]. An important difference between these two studies
relates to the thresholding of the FDG-PET signal. Ciernik etal. chose a fixed threshold of
50% of the maximum signal intensity of the primary tumor, whereas Riegel etal. used a
discretionary window-level setting [12-13],
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A reduction in the size ofthe GTV using FDG-PET has been demonstrated in a landmark
study comparing the role of co-registered CT, MRl and FDG-PET in GTV delineation of
laryngeal cancer in patients scheduled for laryngectomy [14], FDG-PET was closest to
depict true tumor volume when compared to the reference surgical specimen. All
modalities overestimated the extension of the tumor, with an average of 29%, 65%, and
89% for FDG-PET, CT and MRI, respectively. However, all three imaging modalities,
including FDG-PET, failed to identify a small fraction of the macroscopic tumor

(approximately 10%), mainly consisting ofsuperficial mucosal extensions.

Before PET-based GTVs can reliably and reproducibly be incorporated into high-precision
radiotherapy planning, operator-independent segmentation tools have to be developed
and validated. Visual interpretation of the PET signal is most commonly applied but is highly
susceptible to the window-level settings of the images and interpretation differences
[1315,16], This is why more objective methods such as isocontouring based on a chosen
standardized uptake value (SUV) were explored, e.g. of 2.5, or thresholds acquired through
phantom experiments such as a fixed threshold of the maximum tumor signal intensity
(40% or 50%) or a variable threshold adaptive to the signal-to-background ratio [12,17-19],

In a study 78 head and neck cancer patients eligible for primary (chemo)radiotherapy, five
commonly used methods of FDG-PET signal segmentation were compared [20], It showed
that the volume and the shape ofthe resulting GTV were influenced heavily bythe choice
of the segmentation tooi (Fig. 2) Visual interpretation of the PET signal yielded volumes
close to those of the CT-based GTV delineation, whereas all automated segmentation
methods resulted in significantly smaller GTVs based on clinical information and CT alone
[20], Furthermore, in a large percentage of patients (between 29% and 64%, depending
on the segmentation tooi used) more than 20% of the FDG-PET-based GTV was located
outside the GTV based on clinical information and CT, This suggests that tumor could be
identified by FDG-PET that was missed using the Standard methods of GTV delineation.
However, inthe absence of histologie validation itis unknown in what percentage of cases
this was caused by peritumoral inflammation, resulting in a false-positive reading of the
FDG-PET signal.

In recent years, promising segmentation tools have been developed taking into account
the underlying PET physics. Geets etal. have published a gradient-based segmentation
tooi based on watershed transform and hierarchical cluster analysis [21]. Van Dalen and
co-workers developed an iterative background-subtracted relative-threshold level (RTL)
method [22]. Finally, Hatt etal. have analyzed a segmentation tooi that uses a combination
of a fuzzy measure and a locally adaptive Bayesian-based classification (3-FLAB), which
combines statistical and fuzzy modeling to address specific issues associated with 3D-PET

images, such as noise and partial volume effects [23], Although all groups validated their



GENERAL DISCUSS5ION AND FUTURE PERSPECTIVES

Fig.2 Planning CT scan (A), correspondmg i-DG-PET scan (B) and fusion image (C) of a patiént
with T4N2¢cMU oropharyngeal cancer show differences in target volume deiineation.
Indicated are GTV delineated on CT (GTVa , red), and PET-based GTVs obtained by
visual interpretation (GIVv” light green), using fixed threshold of 40% (G TV " yellow)
and 50% (GTVSI)%, blue) of rhe maximum signai intensity, applying an adapiive
threshold based on the signal-to-background ratio (GTVc.5B, dark green, largely covered
by G TVilrs;in blue) and applying an isocontourofa standardized uptake value (SUV) of
25 (GTV25, orange). The respective volumes ranged from 15.1cm3(GTVEW to 59.7cm3

(GTVIiS),

new tools, broaderexperience implementing these in the research setting is compulsory.
In the future, a standardized method of PET-signal interpretation is preferable. Such a
method should be operator independent, easy to use, and calibration should be straight-
forward, in order tofacilitate multicentre introduction.This would allow proper comparison

of results in various research groups, and should be the basis of new multicentre study

protocols.
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Delineation of radiation therapytargetvolume: cervical lymph node metastases
In head and neck cancer, delineation studies incorporating FDG-PET have mostly
concentrated on the primary tumor. 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. FDG-PET might be helpful in
these situations, although one should be aware of the caveat of FDG-PET negative

necrotic parts.

In a recent study, it was shown that the segmented cervical lymph node volumes again
depended on the segmentation tooi applied [24]. The potential value of FDG-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 FDG-PET can provide important complementary information for
radiotherapy planning in head and neck cancer. The GTV may be reduced which can
facilitate the sparing of nearby normal structures and allow dose escalation to relatively
small boost volumes. Furthermore, FDG-PET may identify areas of tumor 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 histologie
validation studies and properly designed clinical studies for the evaluation of local tumor
control and the radiation-induced toxicity are necessary before FDG-PET can be used

safely in routine daily practice.

Dose escalation based on FDG-PET

The metabolic activity detected by FDG-PET may be indicative of tumor cell density or
aggressiveness. Therefore, FDG-PET may be used to direct dose escalation to FDG-avid
subvolumes ofthe tumor applying either uniform or voxel intensity-based dose escalation
[5,25,26], Schwartz etal. 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 [25],
Vanderstraeten et al. applied voxel-intensity-based dose escalation, whereby the FDG
signal intensity in the PET voxel is proportionally related to the dose described to that
voxel; that is, the higher the PET signal, the higher the prescribed dose [26]. The feasibility
of dose escalation using a uniform dose distribution was demonstrated in a phase Iclinical
trial including 41 head and neck cancer patients, delivering doses up to 77.5 Gy, partly in 3
Gy fractions employing IMRT with simultaneous integrated boost [27], Data on treatment
outcome applying this approach are still pending. Figure 3 shows a FDG-PET-CT guided

dose escalation plan of a head and neck cancer patiént.

Initial clinical results after FDG-PET-CT guided IMRT planning
Recently, retrospective studies addressed the impact of integration of FDG-PET-CT data
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Fig 3 Planning CTscan (A), corresponding f-DG-PET scan (Bi, fusion image (C.)and calculated
dose distribution (D) of a patiént with T3N2MO hypoharyngeai cancer Red = GTVr-
(absolute volume of 39cm’); light blue = GTV,~S (absolute volume of 13lcm’). Also
illustrated are planning target volume to 50 3 Gy (pink), to 68.0 Gy (dark blue).
Additional dose of4.0 Gy isdirected to G7VSBTusing IMRT with integrated boost
techmque in accelerated scheme. A subvolume of GTV,-rthus receives a total dse of
720Gy

into IMRT planning on clinical treatment outcome. A case-control study compared 45
patients with stage IV-A pharyngeal carcinomas treated with FDG-PET-CT based IMRT
with a historical matched cohort receiving three-dimensional conformal radiotherapy
without FDG-PET [28]. The 2-year overall survival and event-free survival rates of patients
treated with FDG-PET-CT-based IMRT were 91% and 80% and significantly better than for
the control group. A similar study reported 2-year overall survival and disease-free survival
rates of 83% and 71% respectively, for 42 patients with head and neck cancer of various

stage and subsites [29], Toxicity profiles in this second study were reported as favorable.

Although encouraging, the results of these studies must be interpreted cautiously
because they suffer from a number of flaws including small and heterogeneous patiént

populations, short follow-up, and use of historical Controls. Furthermore, it remains unclear
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from both studies whether the suggested improvements in tumor control must be
attributed to improved radiotherapy techniques, or the introduction of FDG-PET-CT or to

other factors.

Adaptive radiation treatment planning based on repetitive FDG-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 [30], The patients were repetitively imaged using contrast-
enhanced CT, MRl and dynamic FDG-PET before start of treatment and then once weekly
during week 2-5. GTVs were delineated in CT and MRI, and segmented on PET using the
gradient-based segmentation method [21], 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 significantly 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 escalation impacting o tumor control. However,
clinical trials need to first address the safety of this approach and assess the possible

improvement in outcome.

Imaging biological tumor characteristics relevant
to radiation treatment response

Three major tumor characteristics adversely affect treatment outcome and prognosis
after radiation therapy: tumor cell hypoxia, repopulation during the course of treatment,
and intrinsic radioresistance. These factors largely determine the outcome of radiotherapy
in terms of local control and regional tumor control but ultimately also the risk of distant
metastases and survival. PET enables noninvasive biologie profiling of the tumor before
and during radiation treatment, with the potential to tailor therapy according to individual
characteristics.

Hypoxia

Hypoxia is a feature of many solid tumors and in particular squamous cell carcinomas of
the cervix and the head and neck [31.,32]. Tumor cell hypoxia can result from two
mechanisms: limited diffusion capacity of oxygen due to large distance from the supplying
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blood vessel (chronic hypoxia), or impaired perfusion of the supplying vessel due to
temporary vasoconstriction or endovascular obstruction (acute hypoxia) [33], Treatment
modifications are available, but at the cost of increased morbidity [34,35]. To individualize
treatment and to select patients for these treatment modifications, assessment of the
tumor oxygenation status is compulsory. In accessible tumors of the head and neck or
uterine cervix, this assessment can be done by invasive polarographic electrode
measurements or by immunohistochemical staining of markers in tumor biopsies [36-38],
The advantage of the polarographic electrodes is that the entire tumor can be mapped
using multiple tracks. However, its clinical use is limited by the invasive nature of the
procedure, the restriction to accessible tumors, and the inability to distinguish between
normal, necrotic and tumor tissue. Immunohistochemical staining of tumor biopsy
samples results in high-resolution images that can be analyzed for several endogenous
markers of interest. Unfortunately, the tumor biopsy samples are often small and represent
only a fraction of the entire tumor. Futhermore, exogenous markers require intravenous
administration before biopsy samples can be taken. Finally, the acquisition of a tumor
biopsy often requires the use of general anesthesia, and this procedure is not attractive for
repetitive measurement. Noninvasive imaging using PET can .provide a spatial map of the
intratumoral distribution of hypoxia before and during treatment. This information can
potentially be used not only as a selection instrument for treatment modification, but also

for optimization of radiotherapy planning and delivery.

18-fluoromisonidazole (FMISO) isa nitroimidazole PET tracerthat is reduced and bound to
cell constituents under hypoxic conditions. In the early 1990s, FMISO-PET was applied in
several small clinical trials on different primary tumors [39-41]. Since then, FMISO-PET has
been extensively used for the delineation of hypoxia in head and neck tumors [42-48],
Importantly, in head and neck cancer it was shown that the level of hypoxia depicted by
FMISO-PET before treatment was correlated with locoregional failure [42,46,49], Apart
from its prognostic value, Rishin etal. published data supporting the predictive value of
FMISO-PET [46].They performed FMISO-PET scans in patients with advanced-stage head
and neck carcinomas that were treated with chemoradiotherapy with or without
tirapazamine (a hypoxic cytotoxin). Patients with hypoxic primary tumors treated with
tirapazamine experienced significantly fewer local failures than patients treated with
chemoradiotherapy alone. Furthermore, the absence of hypoxia on FMISO-PET was
associated with a low risk of locoregional failure when treated with chemoradiotherapy
alone [46], FMISO-PET can thus serve as a predictive tooi allowing treatment selection
based on biologie tumor characteristics. Ultimately, reduction of side effects in patients
not benefiting from treatment modification will be feasible.

Recently, Zips etal., explored the use of FMISO-PET before and during treatment as a way
to select patients at high risk of developing local recurrence. They performed FMISO-PET
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scans in 25 stage llII/IV head and neck cancer patients at four time pointsduring chemora-
diotherapy, at baseline, at end of week 1 (after 8-10Gy), at end of week 2 (after 18-20Gy)
and during week 5 (after 50-60Gy) [50], In this exploratory study they found that FMISO
imaging during the initialphase oftreatment carriesstrongprognostic value for identifying
patients at risk from local recurrence. Baseline imaging was not found to be as strong in
comparison, presumably as different treatment-related reoxygenation profiles exist within

individual tumours.

Apart from tumor characterization, first attempts were made to delineate a biologie target
volume and to escalate the dose to the primary tumor based on FMISO-PET [51-53], Two
theoretic planning studies proved the feasibility of dose escalation to the FMISO-PET-
detected hypoxic subvolume using IMRT [51,52], Rajendran etal. demonstrated that, using
an IMRT technique, the dose to the FMISO-PET-detected hypoxic subvolume could be
escalated by an additional I0Gy [52], Lee etal. achieved a dose of 84 Gy in hypoxic areas
without exceeding the normal-tissue tolerance [51]. Their attempt to further escalate the
dose to 105 Gy in hypoxic regions was successful in only one of the two plans studied. In
a third study, Thorwarth etal. compared IMRT planning with dose painting by numbers
based on dynamic FMISO-PET data [53], Thereby, spatially variant doses are delivered to
the tumor according to dose-escalation factors determined on the basis of the dynamic
FMISO-PET scan. With this approach, the tumor control probability was increased from
56% to 70% while the same level of toxicity was maintained [53], Flowever, one has to be
cautious in interpreting the data because the number of patients included in this study

was very small.

Clinical experience with hypoxic PET tracers other than FMISO is increasing. 8Cu(ll)-diacetyl-
bis(N4-methylthiosemicarbazone) (@Cu-ATSM) was introduced into the clinic after successful
preclinical studies demonstrating a strong correlation between tracer uptake and a low
level for partial pressure of oxygen [54], It was the first hypoxia-related PET tracer for which
the potential use of a selective boost to the hypoxic subvolume was illustrated [55],
Flowever, partly because of its limited specificity, especially if imaging is performed at
early time points after administration, this compound did not find its way into larger-scale

clinical studies.

18 -fluoro-erythronitroimidazole (FETNIM), I8F-fluoro-azomycin-arabinoside (FAZA), and
18-2-(2-nitro-imidazol-1-yl)-N-(3,3,3-trifluoropropyl)-acetamide (F-EF3) are members of a
newgeneration of nitro-imidazoles. FETNIM showed a higherand more heterogeneously
distributed tracer uptake in tumors than in adjacent neck muscle [56], Furthermore, a high
uptake of FETNIM before radiation therapy was associated with a trend toward poor
overall survival [57], FAZA has similar tracer characteristics to FETNIM and was proven

feasible and of sufficiént quality for clinical use in patients with head and neck cancer
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[58,59], Grosu etal. incorporated FAZA-PETinto radiation treatment planning and detected
hypoxic subvolumes of different sizes and distributions (representing on average 11% of
the primary tumor volume and 8% of the metastatic lymph node volume) [60], Dose
escalation to 80.5Gy in FAZA-PET-detected hypoxic areas was shown to be feasible.
Mortensen etal. performed FAZA-PET scans in 40 head and neck cancer patients receiving
primary radiotherapy in order to identify hypoxia [62]. They detected a large inter-tumor
variability in FAZA uptake, which was associated with poor outcome in patients with
hypoxic tumors. F-EF3 was used in a phase | study of patients with head and neck cancer
[61]. In that study, the use of this tracer was shown to be safe, but the number of

advanced-stage tumors showing increased tracer uptake was disappointingly low.

In summary, although numerous hypoxic or hypoxia-related PET tracers are available for
clinical use, their prognostic and predictive value needs to be assessed in larger clinical
studies before implementation for patiént selection. Preferably, the PET tracer used must
also visualize changes in the oxygenation status caused by treatment modifications
counteracting hypoxia, such as carbogen breathing [63], More important, the concept of
dose painting to hypoxic subvolumes either by uniform doses or by dose painting by
numbers is still the subject of intense debate. There are major concerns about the spatial
resolution of hypoxic PET when compared with the distribution and fluctuation of tumor
cell hypoxia at the microregional level. In this context, Troost etal. investigated ten different
head and neck carcinoma xenograft tumor lines using FMISO autoradiography and
pimonidazole immunohistochemistry (Fig. 4) [64], They found that the pattern of the
FMISO signal depended on the distribution of hypoxia at the microregional level. In five
xenografttumor lines, a significant correlation between the mean FMISO and pimonidazole
signal intensities was found, and this correlation depended on the underlying micro-
architecture. This finding indicates that one should be cautious when studying small
tumor subvolumes for dose escalation [64]. Apart from different distribution patterns of
hypoxia at the microregional level, one has to consider that the oxygenation status
changes during the course of radiotherapy, making repetitive PET imaging before and
during treatment compulsory [65], Finally, the question on the radiation dose levels required

for effective elimination of the radioresistant subpopulations remains unanswered.

Tumor cell proliferation
The major limitations of FDG-PET in oncology are false-positive readings due to tracer
uptake in inflammatory tissue or reactive lymph nodes. Therefore, PET tracers that more

specifically image DNA synthesis are being developed and tested.

Tumor cell proliferation during the course of therapy adversely affects radiation treatment
outcome and prognosis in squamous cell carcinomas of the head and neck [66], 3'-de-
oxy-3J8F-fluorothymidine (FLT) is a tracer that reflects the activity of thymidine kinase 1, a



CHAPTUR 8

Fig.4 Gray-vaiue images after imrnunohlstochemical staining of nitroimidazole hypoxia
marker pimonidazole (left) and FMISO autoradiography images (right) of SCCNij3
(A), SCCnijI53 (B), and SCCNIj86 (C) xenografted human squamous cell carcinomas of
head and neck Correspondmg staining patterns and sig.nal intensities are seen for
pimonidazole and FMISO in SCCnij3 and SCCmj153, but not in SCCnij86.
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principal enzyme in the salvage pathwayof DNAsynthesis [67], The FLT-PET signal is more
specific for actively dividing tumor cells than is the FDG-PET signal. Inflammatory cells
near the tumor consume glucose and thus cause false-positive FDG-PET readings.
However, as these immune response cells are terminally differentiated, the DNA synthesis
rate and therefore the FLT uptake are not increased. FLT-PET was validated against
histopathology in a variety of solid tumors including breast, lung, and sarcoma [68-70], In
soft-tissue sarcoma, Cobben etal. found a significant correlation between the SUVs and
labeling index of the proliferation marker Ki 67. In addition, FLT-PET was able to distinguish
low-grade from high-grade soft-tissue sarcomas [68], In breast tumors, Kenny et al.
reported a strong correlation between SUVs and the fully quantitative net irreversible
plasma to tumor transfer constant (Kj) parameter ofdynamic FLT-PET and staining of Ki-67
[69], Finally, Yap et al. also observed a significant correlation between FLT uptake in
non-small cell lung cancer lesions and the Ki-67 labeling index [70], In primary head and
neck tumors, this promising compound has thus far been applied only to primary
laryngeal tumors [71]. Validation of FLT-PET in seventeen patients with a squamous cell
carcinoma ofthe oral cavity by comparison with iododeoxyuridine (a proliferation marker)
uptake and thymidine kinase 1(TK-1,the key enzyme in FLT phosforylation) expression has
been performed by Troost etal. [72]. They demonstrated only a weak correlation between
FLT uptake and iododeoxyuridine staining intensity, and found no correlation between
FLTuptakeandTK 1staining.Troostefo/. have also analyzed the role of FLT-PET in detecting
metastatic lymph nodes in head and neck cancer patients [73]. They found a high rate of
false-positive findings caused by FLT uptake in the germinal centers of reactive lymph
nodes resulting in a low specificity and a low positive predictive value (17% and 38%,
respectively) and concluded that FLT-PET was not suitable for detection of cervical lymph

node metastases in head and neck cancer patients.

Until now, adaptive image-guided radiotherapy has been based on repetitive PET
scanning using FDG [30]. As the treatment course progresses, the obtained FDG-PET
signal is heavily influenced by the inflammatory response of tumor-surrounding tissues,
leading to an increased background activity. As a result, segmentation ofthe PET signal for
tumor delineation purposes becomes increasingly difficult. The use ofa proliferation-spe-
cific PET tracer, such as FLT, may be a solution to this problem. During the course of
therapy, the reduction in the proliferative activity of the primary tumor can be accurately
imaged by FLT, not disturbed by increased tracer uptake in surrounding inflammatory
tissue. Hoeben etal. performed consecutive FLT-PET/CT scans in 48 patients with head
and neck cancer undergoing primary (chemo)radiotherapy [74], Scans were obtained
before and during the second and the fourth week of treatment, and PET parameters
were correlated with outcome. They demonstrated FLT uptake in all studied cancers, a
significant decrease in uptake during the first four weeks of treatment and that a greater

decrease inthe second week oftreatment predicted a more favorable long-term outcome
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[74], Given the notion that tumor cell proliferation is a mechanism of therapy resistance,
FLT-PET can provide an effective tooi for decisions on early and personalized treatment
adaptation, using anti-proliferative treatments such as accelerated radiotherapy or

cetuximab, in patients with head and neck cancer (Fig. 5).

Perfusion, Protein Synthesis, and Others

Another significant tumor characteristic strongly related to tumor cell hypoxia is tumor
blood perfusion. Hypoxia is a strong stimulus for neovascularization, but many newly
formed vessels are of poor quality and have severe structural and functional abnormalities.
Despite increased vascular density, the impaired functionality of blood vessels may result
in deprivation of oxygen and nutrients. Therefore, an imaging tooi for assessment of
tumor blood flow may provide important information relevant for radiotherapy
responsiveness. Lethio etal. used 50-labeled water and FETNIM for imaging of perfusion
and hypoxia in 21 patients with head and neck cancer [56], Preliminary results from this
small study indicated an association between tumor perfusion and radiation treatment

outcome [57],

0-2-18-fluoroethyl-L-tyrosine (FET) and L-methyll, C-methionine (MET) are amino acid
analogs used to visualize cellular amino acid uptake or protein synthesis. FET may be
useful in differentiating tumor from posttreatment inflammatory tissue, as it is not taken
up by inflammatory cells. Several studies compared FET with FDG-PET in squamous cell
carcinomas of the head and neck and histopathologically confirmed the specific uptake
of FET by malignant cells [75-77], The specificity of FET-PET was found to be superior to
that of FDG-PET (95% -100% vs. 63% -79%), but the sensitivity of the amino acid tracer was
significantly lower (64% - 75% vs. 93% - 95%, respectively). Because the SUVs for FET-PET
were significantly lower than those for FDG-PET, the new tracer will probably not replace
FDG-PET as a diagnostic tooi but can provide complementary information for

discrimination between tumor and inflammatory tissue [75-77].

MET-PET is similar in sensitivity and specificity to FDG-PET [78], In a delineation study, MET
was compared with FDG-PET and CT. Although, compared with CT, FDG-PET yielded
significantly smaller GTVs, GTVs based on MET-PET were not different from GTVs based on
CT, probably because uptake by surrounding normal mucosa and salivary gland tissue.
The authors concluded that MET has no additional value for target volume delineation in

head and neck tumors [79],

1), C-acetate is suggested to preferentially metabolize to the membrane lipids in tumor
cells. In a staging and radiotherapy planning study for head and neck cancer, 1)1C-acetate
PET detected all primary tumors and 95% of the metastatic lymph nodes, more than
FDG-PET and CT/MRI [80]. However, the GTVs derived by 1-"C-acetate PET were 51% larger
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Fig. 5 CT (left), FLT-PET (middle), and fused FLT-PET/CT (right) images of patiént with T3NOMO
oropharyngeal cancer before radiation therapy (A) and after 8 fractions of 2Gy (B! Red =
G7Vcr.In B, significant reduction in FLT-PET signa! intensity is already seen, whereas
only a modest decrease of GIV,—, isseen at this dose level.

than those based on FDG-PET. Before 1" C-acetate PET can be introduced in the
radiotherapy planning process, further studies are needed to explain this discrepancy and
to clarify the mechanism of tumor uptake.

Finally, noninvasive methods to assess the uptake and biodistribution of biologie modifiers
will be of great value to direct newtargeted therapies. Radiolabeled antibodies and small
molecules for PET are currently being developed and tested in preclinical and early clinical
studies [81,82],

In conclusion, PET tracers that image specific biologie tumor characteristics offer potential
for tailor-made radiation therapy. However, they remain in the research arena until proper
clinical validation has occurred.
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Technical innovations

Several challenges regarding PET scanning remain, of which some may be resolved or
improved whereas others cannot. For example, resolution is limited by the distance a
positron travels before it annihilates. This distance is a given fact for a certain radionuclide
positron emitter and therefore unchangeable. Furthermore, various developments
regarding an increase in spatial and temporal resolution are ongoing. Currently, the spatial
resolution for human PET scanners is in the order of 5-7mm, compared with 1-3mm for
small-animal scanners. New developments in the size of the detector crystal, the
coincidence timing window, and signal processing haveachieved a resolution of2mm for
human applications. These developments reduce image distortion and blurring and may

increase the precision of tumor delineation.

Integrated PET/MRI scanners combine anatomie with functional imaging and may have a
specific impact on the staging and treatment of head and neck cancer [83]. The potential
benefits of integrated PET/CT for the planning of radiotherapy have been discussed.
Flowever, for particular subsites of the head and neck region, such as oropharyngeal and
oral cavity tumors, MRI is the diagnostic imaging modality of choice. In these tumor sites,
integrated PET/MRI scanners may further improve the accuracy of GTV delineation. In
addition, dynamic MRI studies such as dynamic contrast-enhanced MRI and blood oxygen
level dependent MRI, as well as MR spectroscopy and diffusion-weighted MRI, may add

complementary functional information.

Condusions

FDG-PET isthe gold Standard for noninvasive functional imaging in oncology. In head and
neck tumors, FDG-PET is not recommended for detection of the primary tumor (except
for unknown primary head and neck tumors), thought it is recommended for nodal
staging when conventional imaging is equivocal or where treatment may be significantly
modified. FDG-PET may influence the treatment decision if distant metastases or second

primary tumors are detected.

For radiotherapy planning in head and neck cancer, FDG-PET can provide important
information complementary to CT. On the basis of PET information, sparing of normal
structures and the escalation of dose to FDG-avid subvolumes is facilitated. However,
additional histologie validation studies and properly designed clinical studies are needed
to address the clinical value and possible shortcomings of this concept. Several PET tracers
that image biologie tumor characteristics reflecting radiation resistance mechanisms are

available and offer potential for tailored radiation therapy especiallywhen PET is performed
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both before and during treatment as is recently shown by the exciting publications of Zips
etal. and Hoeben etal., which were discussed earlier [50,74], These PET tracers should be
restricted to research purposes until proper clinical validation has occurred. In this context,
the use of more than one tracer may open new horizons in the future. Finally, technical
developments in PET scanning in general and in the field of head and neck cancer in
particular may increase the precision of radiotherapy planning and thus improve tumor
control and reduce treatment-related morbidity.

Currently, a European multicentre randomized fase Il study, Artforce, is a good example of
a clinical study trying to find reliable PET parameters in order to individualize treatment.
Twofold randomization will be performed: radiation combined with cisplatin versus
radiation combined with cetuximab and Standard dose radiation (70Gy) versus PET-based
redistribution of the dose within the gross tumor volume (64Gy in the FDG-PET negative
tumor area, 84Gy in the tumor area containing the highest FDG-PET activity). Cetuximab
is an epidermal growth factor receptor inhibitor which is able to counteract tumor cell
proliferation. In Artforce, pretreatment&irconium labeled cetuximab-PET will be acquired

and correlated with outcome.
In the coming years PET will be increasingly used in early response assessment study
protocols. More robust data will be acquired, and treatment modifications on the basis of

PET facilitated treatment response will be performed in the research setting.

The dream of individualized treatment for patients with head and neck cancer eligible for

primary radiotherapy will become reality, and PET will most certainly play a key role.
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Summary

Progress in radiation oncology requires a re-evaluation of the methods of target volume
delineation beyond anatomical localization. New molecular imaging techniques for
tumor visualization such as positron emission tomography (PET) provide insight into
tumor characteristics and can be complementary to the anatomical data of computed
tomography (CT) or magnetic resonance imaging. in this thesis, the role of PET in radiation

treatment planning of patients with head and neck carcinoma is studied.

In Chapter 2, the results of a literature review are presented in which three issues are
discussed: First, can PET identify a tumor more accurately? Second, can biological tumor
characteristics be visualized? Third, can intratumoral heterogeneity of these characteristics
be identified?

Chapter 3 deals with the selection and validation of the optimal method for software
fusion of dedicated PET and CT. In this study, fifteen patients with head and neck cancer
underwent separate CT and ,8-fluorodeoxyglucose-PET (FDG-PET), both in a
custom-moulded rigid mask fitted with four multimodality fiducial markers. Five image
registration methods were applied, and the error of each method was determined by
evaluation of the markers. The operator-independent iterative closest point method
performed best and its accuracy permits implementation of dedicated PET images in

CT-based radiation therapy planning.

Implementing PET-information in the definition of the gross tumor volume (GTV) of the
primary tumor of head and neck cancer patients eligible for primary (chemo)radiotherapy
is not straightforward. In Chapter 4, CT and physical examination-based primary tumor
delineation is compared with five methods of PET-based tumor delineation: visual
interpretation PETMS, applying fixed thresholds at a standardized uptake value (SUV) of 2.5
and at 40% and 50% of the maximum signal intensity of the primary tumor (PET25 PET40%,
PETS50%) and applying a variable threshold based on the signal-to-background ratio
(PETSBR). The primary tumor of 78 patients with stages lI-IVsquamous cell carcinoma ofthe
head and neck area, who underwent co-registered CT and FDG-PET, was delineated on CT
and five PET-based GTVs were obtained. Absolute volumes were compared and overlap
analyses were performed. PET25 failed to provide successful delineation in almost half of
cases. For the other PET delineation tools, volume and shape of the GTV were influenced
heavily by the choice oftooi. On average, all threshold-based PET-GTVs were smaller than
on CT. Nevertheless, PET frequently detected significanttumor extension outside the GTV
delineated on CT (15 - 34% of PET volume).

149



CHARTERS

The question "can FDG-PET assist in radiotherapy target volume definition of metastatic
lymph nodes in head and neck cancer?" is evaluated in Chapter 5 The seventy-eight
co-registered CT- and FDG-PET scans as used in Chapter 4 were studied again. Cervical
lymph nodes were classified as "enlarged" if the shortest axial diameter on CT was > 10
mm, and as "marginally enlarged" if it was 7-10 mm. Subsequently, lymph nodes were
assessed on FDG-PET by applying eight segmentation methods: PETV[S, PET25, PET40%,
PETS50%, PETsbr, and PET40%N, PET50%N, PETSBRN. The latter three methods use the maximum
signal of the lymph node (instead ofthe primary tumor) as the threshold reference. Of 108
nodes classified as "enlarged” on CT, 75% were also identified by PETVS, 59% by PET40%,
43% by PETSO% and 43% by PETSBR. Of 100 nodes classified as "marginally enlarged"”, only a
minority were visualized by FDG-PET. The respective numbers were 26%, 10%, 7% and 8%
for PETMS, PET40%, PETSO%, and PETSBR. PET40WN, PET50%N, and PETSBRN, respectively, identified
66%, 82% and 96% of the PETws-positive nodes. The conclusions of this chapter were that
many nodes that are enlarged and considered metastatic by Standard CT-based criteria
appear to be negative on FDG-PET scan. Alternately, a small proportion of marginally
enlarged nodes are positive on FDG-PET scan. Flowever, the results are largely dependent
on the PET segmentation tooi used, and until proper validation FDG-PET is not
recommended for target volume definition of metastatic lymph nodes in routine clinical

practice.

In head and neck cancer various treatment strategies have been developed to improve
outcome, but selecting patients for these intensified treatments remains difficult. There
are indications that pretreatment tumor FDG uptake in head and neck cancer may be an
independent prognostic factor. In Chapter 6, the prognostic value of FDG uptake and
primary tumor volume measurements (both CT-based and FDG-PET-based) were assessed
in 77 patients with squamous cell carcinoma of the head and neck area treated with
primary (chemo)radiotherapy. GTV of the primary tumor was determined on CT (GTVct)
and FDG-PET scans. Five segmentation methods were applied: PETMS, PET25, PET40%,
PETSO%, and PETSBR. The maximum intratumoral FDG activity (SUVMAX) was recorded. The
mean FDG uptake for each PET-based volume was also recorded (SUVrrean). Subsequently,
to determine the metabolic volume, the integrated SUV was calculated as the product of
PET-based volume and SUVnean. All these variables were analyzed as potential predictors
of local control (LC), regional recurrence-free survival (RRFS), distant metastasis-free
survival (DMFS), disease-free survival (DFS) and overall survival (OS). In oral cavity /
oropharynx tumors PETMS was the only volume-based method able to predict LC. Both
PETvsand GTVCTwere able to predict DMFS, DFS and OS in these subsites. In oral cavity/
oropharynx tumors integrated SUVs were associated with LC, DMFS, DFS and OS, while
SUVmaxand SUVneanwere not. In hypopharyngeal / laryngeal tumors none ofthe variables
was associated with outcome. The conclusion of chapter 6 is that there is no role for

pretreatment FDG-PET as a predictor of (chemo)radiotherapy outcome in head and neck



cancer in the daily routine. However, this potential application needs further exploration,
focusing on FDG-PET-based primary tumor volume, integrated SUV and SUVMAX of the

primary tumor.

There are limited data on the accuracy of radiotherapy target volume delineation by
FDG-PET. Therefore, in Chapter 7, a validation study was performed by comparing
FDG-PET segmentation tools for volume assessment of lymph node metastases from
head and neck cancer with the pathological Standard. Twelve head and neck cancer
patients eligible for therapeutic neck dissection underwent preoperative FDG-PET/CT.
Twenty-eight metastatic lymph nodes were delineated on CT (NodeCl) and ten PET
segmentation tools were used to assess FDG-PET-based nodal volumes: PETMS, PET25,
PET40%, PET50%, PETsbr, and an iterative background-subtracted relative threshold level
(PETrtl). The latter four tools were applied with the primary tumor as reference and also
with the lymph node itself as reference. Nodal volumes were compared with the true
volumes as determined by pathological examination. Both NodeCT and PETVS showed
good correlations with the pathological volume. PET segmentation tools using the
metastatic node as reference all performed well, but not better than PETVS. The tools
using the primary tumor as reference correlated poorly with pathology. The conclusions
of Chapter 7 are: FDG-PET accurately estimates metastatic lymph node volume, but
beyond the detection of lymph node metastases (staging), it has no added value overCT
alone for the delineation of routine radiotherapy target volumes. If FDG-PET is used in
radiotherapy planning, treatment adaptation or response assessment, we recommend an
automated segmentation method for purposes of reproducibility and inter-institutional

comparison.

In conclusion, integration of PET-information into computer tomography based radiation
treatment planning of head and neck cancer patients allows consideration of biological
tumor characteristics in the treatment. In this thesis several image registration method
was evaluated. Furthermore, several FDG-PET segmentation methods were analyzed for
the purpose of delineating the primary tumor and also the metastatic lymph nodes. The
role of pretreatment FDG-PET as an outcome predictor of primary (chemo)radiotherapy
was prospectively investigated. Finally, the accuracy of FDG-PET was studied by comparing
FDG-PET segmentation tools for volume assessment of lymph node metastases from

head and neck cancer with the true volume using the pathological Standard.
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Technologische vooruitgang binnen de radiotherapie vereist een herevaluatie van de
methoden van doelvolume-bepaling. Nieuwe moleculaire beeldvormende technieken
zoals positron emissie tomografie (PET) kunnen inzicht geven in tumoreigenschappen.
PET iseen techniek waarmee radioactieve stoffen binnen in het menselijk lichaam kunnen
worden afgebeeld, gevolgd en gekwantificeerd. Met de meest gebruikte radioactieve
stof, fluor-18 (18F) gekoppeld aan een variant van suiker (FDG), kan het energieverbruik
(metabolisme) van de verschillende organen en weefsels binnen een patiént in beeld
worden gebracht. PET kan complementair zijn aan anatomische data die gegenereerd
worden door computer tomografie (CT) of magneet resonantie imaging (MRI). In dit
proefschrift wordt de rol van PET in de bestralingsbehandeling van patiénten met een

kwaadaardige tumor uitgaande van het hoofd-hals gebied onderzocht.

in hoofdstuk 2 worden de resultaten van een literatuur overzicht gepresenteerd, waarbij
de nadruk ligt op de volgende drie onderwerpen: Ten eerste, is PET beter in staat een
kwaadaardige tumor te herkennen? Ten tweede, kunnen biologische tumoreigenschap-
pen gevisualiseerd worden? Ten derde, kan intratumorale heterogeniteit van deze

eigenschappen worden geidentificeerd?

Hoofdstuk 3 beschrijft de selectie en validatie van verschillende methoden van soft-
ware-gebaseerde PET en CT beeldfusie. In dit onderzoek ondergingen vijftien patiénten
met een kwaadaardige tumor uitgaande van het hoofd-hals gebied zowel een CT als een
,8F-fluorodeoxyglucose-PET (FDG-PET). Beide scans werden verricht in een bestralings-
masker en op de masker waren vier markeringen bevestigd die zowel met CT als met
FDG-PET afgebeeld konden worden. Vijf beeldregistratie methoden werden toegepast,
waarbij de nauwkeurigheid van elke methode werd bepaald door de afwijkingen ter
plaatse van de markeringen te meten. De meest geschikt methode kon de onnauwkeu-
righeid in de beeldfusie terugbrengen tot slechts 3 mm. Daarmee werd het combineren
van PET en CT gevalideerd voor toepassing bij geavanceerde 3-dimensionale intensiteits-

gemoduleerde bestraling van kanker in het hoofd-hals gebied.

Het gebruiken van PET-informatie bij het bepalen van het tumorvolume (gross tumor
volume = GTV) van de primaire tumor van patiénten met kanker uitgaande van het
hoofd-hals gebied die in aanmerking komen voor primaire (chemo)radiotherapie is niet
vanzelfsprekend. In hoofdstuk 4 werd tumorvolume-bepaling (delineatie) van de
primaire tumor op basis van CT en lichamelijk onderzoek vergeleken met vijf methoden
van PET-gebaseerde tumordelineatie: visuele interpretatie PETMS, toepassen van een vaste
drempelwaarde gebaseerd op een standaard opname hoeveelheid (standardized uptake

value = SUV) van 25 en drempels van 40% en 50% van de maximale signaalsterkte ter
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plaatse van de primaire tumor (PET25, PET40% PETS50%) en toepassen van een variabele
drempelwaarde gebaseerd op de signaal-achtergrond verhouding (signal-to-background
ratio = SBR)(PETsbr). De primaire tumor van 78 patiénten met stadium II-IV plaveiselcelcar-
cinoom van het hoofd-hals gebied die geregistreerde CT en FDG-PET ondergingen werd
ingetekend op CT en vijf PET-gebaseerde GTV's werden verkregen. Absolute volumina
werden vergeleken en overlap analyses werden verricht. PET25 gaf slechts bij iets meer
dan de helft van de tumoren een succesvolle delineatie. Bij de overige PET-gebaseerd in-
tekenmethoden werd vastgesteld dat de vorm en hetvolume van de GTV sterk van elkaar
konden verschillen. Over het algemeen waren alle drempel-gebaseerde PET-GTV's kleiner
dan de GTV's zoals op CT bepaald. Desalniettemin, kon PET frequent tumoruitbreiding

vaststellen buiten het GTV zoals op CT bepaald (15% -34% van het PET volume).

in hoofdstuk 5werd onderzocht of FDG-PET behulpzaam was bij het intekenen van lymf-
klieruitzaaiingen bij plaveiselcelcarcinoom van het hoofd-hals gebied. De 78 geregistreerde
CT- en FDG-PET scans, beschreven in hoofdstuk 4, werden opnieuw gebruikt. Halslymf-
klieren werden geclassificeerd als "vergroot” indien de kortste axiale diameter op CT > 10
mm was, en als "marginaal vergroot" bij een kortste axiale diameter 7-10 mm. Vervolgens
werden de halslymfklieren beoordeeld door FDG-PET door middel van acht verschillende
segmentatiemethoden: PETMS, PET25, PET40%, PETSO%, PETSBR, PETA0%N, PET50%N, PETSBRN. De
drie laatstgenoemde methoden gebruiken het maximale PET-signaal van de klier (in
plaats van de primaire tumor) als drempelreferentie. Van de 108 klieren die als "vergroot"
geclassificeerd waren, werd 75% ook geidentificeerd door PETMS, 59% door PET40%, 43%
door PETSO%en 43% door PETSBR.Van de 100 Kklieren die geclassificeerd waren als "marginaal
vergroot" werd slechts een minderheid gevisualiseerd door FDG-PET. Respectievelijk,
26%, 10%, 7% en 8% voor PETVE, PET40% PET50% en PETSBR PET40%N, PETS0MN en PETSBRN
identificeerden respectievelijk 66%, 82% en 96% van de PETvs-positieve lymfklieren.
Geconcludeerd werd, dat veel klieren die vergroot waren en op basis van standaard
CT-criteria metastatische ziekte zouden bevatten, negatief waren op de FDG-PET scan.
Daarbij werd tevens vastgesteld, dat een klein deel van de marginaal vergrootte klieren
positiefwaren op de FDG-PET scan. De resultaten waren echter erg afhankelijk van de PET-

segmentatiemethode.

Er zijn diverse behandelstrategieén ontwikkeld die bij patiénten met plaveiselcelcarci-
noom van het hoofd-hals gebied de genezingskans vergroten, het blijft echter moeilijk
om de juiste patiénten te selecteren voor deze intensieve therapieén. Er waren
aanwijzingen dat de FDG-opname van de primaire tumor voor start van de behandeling
een onafhankelijke prognostische factor zou kunnen zijn. De prognostische waarde van
FDG-opname en van volumemetingen (zowel op basis van CT als op basis van FDG-PET)
van de primaire tumorvan 77 patiénten met een plaveiselcelcarcinoom van het hoofd-hals

gebied die primaire (chemo)radiotherapie ondergingen werd onderzocht. Het GTV van
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de primaire tumor werd bepaald op CT (GTVct) en op FDG-PET scans. Vijf segmentatie-
methoden werden gebruikt: PETVS, PET25, PET40% PETS50% en PETSBR De maximale
intratumoraie FDG-activiteit (SUVMAX) werd vastgesteld. Tevens werd de gemiddelde
FDG-opname binnen elk PET-gebaseerde GTV vastgesteld (SUVnean). Vervolgens werd om
het metabole volume te bepalen, de geintegreerde SUV berekend: dit is het product van
het PET-gebaseerde volume en de corresponderende SUVnean. Al deze variabelen werden
onderzocht als potentiéle voorspellers van lokale controle (LC), regionale ziekte-vrije
overleving (RRFS), afstandsmetastasen-vrije overleving (DMFS), ziekte-vrije overleving
(DFS) en totale overleving (OS). Bij tumoren uitgaande van cavum oris / oropharynx was
PETV de enige volume-gebaseerde methode die de LC kon voorspellen. Zowel PETMSals
GTVct konden bij deze tumorsites de DMFS, DFS en OS voorspellen. Bij tumoren uitgaande
van cavum oris / oropharynx waren de geintegreerde SUV's geassocieerd met LC, DMFS,
DFS en OS, terwijl SUVMAX en SUVrean niet geassocieerd waren met deze uitkomstmaten.
Bij tumoren uitgaande van hypopharynx / larynx waren geen van de onderzochte
variabelen gerelateerd aan behandeluitkomst. De conclusie van hoofdstuk 6 was dat
FDG-PET voorafgaand aan de therapie thans geen rol heeft als voorspeller van therapie-
succes bij patiénten met een plaveiselcelcarcinoom van het hoofd-hals gebied die
primaire (chemo)radiotherapie. Echter, deze rol vereist verder onderzoek, met als focus de
variabelen: PET-gebaseed tumorvolume, geintegreerde SUV en SUVMAX van de primaire

tumor.

Er zijn weinig gegevens over de accuraatheid van FDG-PET bij radiotherapie doelvolume
bepaling. Derhalve werd in hoofdstuk 7 een validatiestudie verricht door FDG-PET
gebaseerde volumina van halsklieruitzaaiingen bij patiénten met een plaveiselcelcarci-
noom van het hoofd-hals gebied te vergelijken de volumina verkregen bij weefselonder-
zoek. Twaalf patiénten met een plaveiselcelcarcinoom van het hoofd-hals gebied die in
aanmerking kwamen voor een therapeutische halsklierdissectie ondergingen een
preoperatieve FDG-PET/CT scan. Achtentwintig halsklieruitzaaiingen werden ingetekend
op CT (NodeCI) en tien PET segmentatiemethoden werden gebruikt om PET-gebaseerde
kliervolumete bepalen: PETVS, PET25, PET40%, PET50% PETSBRen een iteratieve ‘background-
subtracted' relatieve drempel waarde (PETrtl). De vier laatstgenoemde methoden werden
toegepast metzowel de primaire tumor als de te segmenteren klieruitzaaiing als referentie.
De verkregen volumina werden vergeleken met de echte volumina zoals gemeten patho-
looganatomisch onderzoek. Zowel NodeCT als PETVIStoonden goede correlatie met het
echte volume. De PET-segmentatiemethoden die de te segmenteren klier als referentie
gebruikten presteerden goed, maar niet beter dan PETVIS. De methoden die de primaire
tumor als referentie gebruikten, toonden een zwakke correlatie met het echte volume. Er
werd geconcludeerd dat FDG-PET nauwkeurig het volume van een lymfklieruitzaaiing
kan bepalen, maar dat het geen meerwaarde heeft boven de CT bij doelvolume bepaling

voor radiotherapie daar NodeCT een goede correlatie toonde met het echte volume.



CHAPTER 10

Indien FDG-PET gebruikt wordt voor radiotherapie planning, behandeladaptatie, of
response evaluatie, adviseren wij een automatische segmentatiemethode omwille van de

reproduceerbaarheid en de interinstitutionele vergelijkbaarheid.

Het toevoegen van PET-informatie aan CT-gebaseerde bestralingsplanning van patiénten
met een plaveiselcelcarcinoom van het hoofd-hals gebied biedt de mogelijkheid om
rekening te houden met de biologische tumoreigenschappen. In dit proefschrift werden
diverse beeldfusiemethoden beoordeeld. Verder werden verschillende FDG-PET segmen-
tatiemethoden onderzocht in hun rol bij het bepalen van het bestralingsvolume van
zowel de primaire tumor als de lymfklieruitzaaiingen. De betekenis van FDG-PET
voorafgaand aan de behandeling als voorspeller van behandeluitkomst na primaire
(chemojradiotherapie werd prospectief onderzocht. Tenslotte werd de accuraatheid van
FDG-PET bestudeerd door FDG-PET gebaseerde volumina van halsklieruitzaaiingen bij
patiénten met een plaveiselcelcarcinoom van het hoofd-hals gebied te vergelijken de

volumina verkregen bij weefselonderzoek.
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COLOR FIGUP,ES

Chapter 2

Fig.l

Planning CT scan (A), corresponding FDG-PET scan (B) and fusion image (C) show
differences in target volume definition. Volume GTVq (red) =475 cirp, GTVyij (green)
=438 cnv\ GTV/Ag” (Yellow) =201 cm™, GTV2 5 (orange) - 326 crm, GTVjgR (blue) =
157 crrr. Note that GTV/~gp is significantly smaller than GTVg-and GTW|g.
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APPENDIX

Fig. 2 Planning CT (A), correspondmg FDG-PET (B) and fusion image (C) show differences in
target volume definition. It also illustrates PEV activity in the air cavity.
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COLOR FIGURES

Fig .4 FMISO autoradiogiaphy (A), pimonidazole immunohistochemistry (B) and fusion image
(C) of axenoarafted human head and neck cancer Courtesy of FTroost, Dept
Radiation Oncology, Radboud Urnversity Nijmegen Medical CenLre, Nijmegen,The
Netherlands.



APPENDIX

Chapter 3

Fig.i

174

Muitimodality markers. Example of the multi-modality markers used for landmark
registration and image fusion accuracy evaluation. (A) Markers (red arrows) as placed
on the mask. (B) Marker as seen on CT filled with lodine-containing contrast (C) Marker
as seen on PEr filled with FDG solution The center of the markers could be determined
with an inter-operator variability well below 1 mm on both CTand PET images.



COLOR FIGURES

Fig.2 Iterative closest point registration (ICP) of PET transmission images to CT. (&) On both
CT and the PET transmission scan, a surface model of the body contour is generated
using a thresholding techmque (B) Both surface models are represented as a
3-dimensional structure (C) Automatic image registration is performed by iteratively
minimizing the distance between the surface models.
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Fig. 3 lixampie of image fusion using method ICP Transverse (A) and coronal (B) sections of
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FDG-PET (left), CT (middle) and fused PET-CT (right) in a paticnt with carcinoma at the
base of the tongue (blue arrow) and multiple pathological lymph nodes on the right
side of the neck (white arrows). The extent of the malignancy was difficult to appreciate
on the CT, while fused PET/CT images allowed clear delineation of the primary tumor,
as well as identification of pathological lymph nodes
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Chapter 4

Fig.1 CTscan (A), corresponding FDG-PET scan (B) and fused irnage (C) of a patiént with a
T4AN2MO tongue carcinoma, showing difference? in target volume definition. Indicated
are GTVcr (red), CTV” (light green), GTVsuv (orange), GTV/ (yellow), GTVsiti (blue),
and GTV3H (dark green) GTVsuv is unsuccessful in this case, due to inclusion of large
areas of norrnal background tissue. Note that all other PET-based delineations mdicate
greater tumor extension towards lateral side and less towards medial side compared to
CT delineation. Also note that on this transversal slice GTVS0tand G'fVH, are
indistinguishabie
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Fig.3 CTscan (A), corresporiding FDG-PET scan (B), fused image (Q and enhanced detail
offused image (D) ofa patiént with aT3N2cMO oropharyngeal carcinoma, showing
tumor tissue delineated by FDG-PET, but not by CT. Indicated are GTVG (red) and
GTVg* (dark green).
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Chapter 5

Fig.2 (A) CT scan, (B) corresponding FDG-PET scan, and (O fused image of a patiént with aT4
oropharyngeal carcinoma show three lymph nodes Left (arrowl) a node that is 13mm
in the shorlest axial diameter that was identified by PET\AS(light green) and PET40N
(yellow) Right (arrow2) a node of 23mm that was identified by PETTVWW PfT~., PETSO%
(blue) and PETsbr (dark green) The pattern of FDG-uptake in this particular node
suggests intranodal tumor heterogeneity Right (arrow3) an overtly metastatic node of
2Lmrn with central necrosis that was not identified by FDG-PET
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Chapter 6

Fig. i
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Planning CT (A), corresponding FDG-PE1 (B) and fusion image (C) of patiént with
T3N20OMO oropharyngeal carcinoma show differences in target-volume definition.
Indicated are gross tumour volume (GTV) delineated on CT (GTVcr, red, absolute
volume of 34 Ocm!) and PET-based GTVs obtained by visual interpretation (PETVS, light
green, volume 33 8cnr), applying an isocontour of a standardized uptake value (SUV)
of 2.5 (PET25 orange), using a fixed threshold of 40% (PE U%,, yellow, volume 140cmi)
and 50% (PET50% blue, volume 134cm’) of the maximum signal intensity, applying an
adaptive threshold based on the signal-to-background ratio (SBR, PETSR(, dark green,
volume iS.0cm3 GTV,5was unsuccessful in this case because of inclusion of large
areas of normal background tissue Note that on this transversal slice PETSA0and PETSBR
are indistinguishable



COi.OR HGURES

Chapter 7

Fig. 2a-1 correlation ofCT and FDG-PFT based (PETV]S, PETIWV, PET40S, PET4WN PET5PVand
PETkisk) metastatic lymph node volumes in relation to the corresponding
pathological volume. The line in the correlation plots represents identity (y =X).
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Fig. 2a-2 correlation of CT- and FDG-PET based (PETSBS, PETSRN PETrtl, and PETIUN
metastatic lymph node volumes in relation to the corresponding pathological
volume. The line in the correlation plots represents identity (y = X).
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Fig. 2b Difference plots of CT-and FDG-PET based metastatic lymph node volumes in
relation to the correspondmg pathological volume. The 95% confidence interval

are shown as dotted lines
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Chapter 8

Fig.1l FLT PET/CT scan for image-guided high-precision radiation treatment planning in
oropharyngeal cancer
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COLON FIGURES

Fig.2 Planning CT scan (A), corresponding FDG-PET scan (B) and fusion image (C) of a patrent
with TAN2cMO oropharyngeal cancer show differences in target volume delineation
Indicated are GTV delineated on CT (GTV(1red), and PET-based GTVs obtained by
visuai interpretation (GTV,” light green), using fixed threshold of40% (GTV", yeliow)
and 50% (G TV " blue) of the maximum signal intensity, applying an adaptive
threshold based on the signal-to-background ratio (GTVEBR dark green, largely covered
by GTV5]S, in blue) and applying an isocontour of a standardized uptake value (SUV) of
25 (GTV,v orange) The respective volumes ranged from 151cm' (GTV5M)to59.7cm:
(GTV.,J
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Fig.3 Planning CT scan (&), corresponding FDG-PET scan (B), fusion image (C) and calculated
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dose distribution (D) of a patiént with TBN2MO hypoharyngeal cancer. Red =GTVa -
(absolute volume of 39.cnr), light blue = GTVS3(absolute volume of 131cm 3. Also
illustrated aie planning target volume to 50.3 Gy (pink), to 68 O Gy (dark blue).
Additional dose of 40 Gy isdirected to GTVsbt using IMRT with integiated boost
technique in accelerated scheme. A subvolume of GTVCTthus receives a total dse of

72.0 Gy.



COLOR FIGUREj

Fig. 4 Gray-value images after immunohistochemical staining of nitroimidazole hypoxia
marker pimonidazole (left) and FMISO autoradiography images (right) of SCCNij3
(A), SCCnijISS (B), and SCCNIj86 (Q xenografted human squamous cell carcinomas of
head and neck. Corresponding staining patterns and signal intensities are seen for
pimonidazole and FMISO m SCCnij3 and SCCnijl53, buc not in SCCnij86
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Fig. 5 CT (left), ALT-PET (middle), and fused FLT-PET/CT (right) images of patiént with T3NOMO
oropharyngeal cancer before radiation therapy (A) and after 8 fractions of 2 Gy (B) Red =
GTVct In B, significant reduction in FLT-PET signal intensity is already seen, whereas
only a modest decrease of GTV” isseen at this dose level.
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