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Chopter 1
General introduction and outline

General introduction
Epidemiology, presentation and treatment

Head and neck cancer is the sixth most common malignancy worldwide with more than
550,000 cases annually [1]. In the Netherlands, approximately 2,400 cases are diagnosed
each year (www.oncoline.nl). Males are affected significantly more than females with
ratios ranging from 2:1 to 4:1. Head and neck squamous cell carcinomas (HNSCC)
constitute about 85% of all head and neck tumors. Risk factors associated with HNSCC in
western countries predominantly include smoking and alcohol intake, although a surge of
mainly oropharyngeal carcinomas due to infections with human papillomaviruses (HPV) is
noticed in young non-smoking patients [2]. In Asia, Epstein-Barr virus infection and betel
quid chewing play an important role in development of nasopharyngeal cancers and oral
cancer, respectively [3,4], Many patients present with advanced locoregional disease with
bulky tumors and cervical lymph node metastases, since complaints are often vague and
long lasting, i.e. throat aches, otalgia, difficult swallowing or hoarseness. Over the last
decades, treatment for locally advanced head and neck cancer has gradually shifted from
surgery to radiotherapy, increasingly combined with systemic treatment such as
chemotherapy or targeted therapy [5-9], Intensity-modulated radiation therapy (IMRT)
delivers high conformal doses and facilitates dose escalation to the tumor while reducing
doses to normal tissues. Although treatment options have expanded, the locoregional
recurrence rate is still relatively high and 5-year survival rate is usually below 50% [10].

Therapy resistance mechanisms and therapeutic counteractive options

Radiotherapy tumor dose is limited by critical structures in the head and neck area
surrounding the tumor. Treatment policies focus on the preservation of function while
safeguarding the window for ultimate tumor control. Therefore, the understanding of
fundamental tumor resistance mechanisms is of pivotal importance in order to develop
new strategies that will overcome such resistance and eradicate malignancies while
limiting normal tissue toxicity.
HIMSCC are generally categorized as intermediately radiosensitive, although broad
intertumor variations exist [11]. Many inherent tumor traits and regulatory pathways
influence radiosensitivity, such as hypoxia, tumor vasculature, perfusion, DNA repair
12

potential and apoptosis capacity. Individual characteristics, such as epidermal growth
factor receptor (EGFR) and protein kinase B (AKT) expression, have been linked to
treatment outcome [12,13]. Many of these proteins have a regulatory effect in multiple
cell transduction pathways and play a role in the effect generation of the main
radioresistance mechanisms- DNA repair, hypoxia and accelerated proliferation [14,15].
In almost all solid tumors there is, to some extent, an imbalance between oxygen deiivery
and oxygen consumption, resulting in hypoxia. Direct measurements of the partial
pressure of oxygen (p02) using oxygen microelectrodes in HNSCC have shown a correlation
between low p02 and poor local control or survival after radiotherapy [16,17],
Additionally, quantitative assessment of hypoxia by means of the nitroimidazole marker
pimonidazole has shown a good correlation between hypoxia and treatment outcome
[18]. Tumor hypoxia is known to promote genetic instability, driving the tumor towards a
more malignant phenotype by stimulating invasion and metastasis, resulting in an overall
adverse clinical outcome [19], Reduction of hypoxia as a radiation-resistance mechanism
can be achieved by carbogen breathing during radiotherapy and medication stimulating
blood-perfusion [20], by dose escalation to hypoxic tumor subvolumes or by application of
hypoxic cell sensitizers or cytotoxins [21-23].
Tumor proliferation is affected by several factors, such as differentiation status, cell-cycle
gene regulation and microenvironmental factors. Accelerated proliferation (repopulation)
of HNSCC during radiotherapy, most likely induced by cell loss during treatment, has long
been recognized as a process that reduces tumor control probability [24], Increasing
overall duration of radiotherapy decreases local tumor control. Subsequent randomized
trials revealed that altered fractionation and a decrease in treatment time improved
outcome [25,26]. in a meta-analysis, hyperfractionation and acceleration schedules
improved locoregional tumor control and overall survival compared with conventional
fractionation, with the largest benefit observed for hyperfractionation [27].
Hypoxia usually delays progression of tumor cells through the cell cycle. However, hypoxia
and proliferation can occur simultaneously in certain regions of the tumor (Fig. 1). Cells
that retain proliferative capacity under hypoxic conditions might represent an important
tumor subpopulation responsible for treatment failure [28].
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Figure 1. A: Head and neck squamous cell carcinoma xenograft tum or imm unohistochem ically
stained fo r hypoxia (pim onidazole, green), proliferation (brom odeoxyuridine, red) and vessels
(blue). B: the enlarged detail illustrates the occurrence of proliferation in a hypoxic tum or area.

Other treatment strategies to improve outcome of HNSCC include the addition of
concurrent systemic therapy such as chemotherapy [6,7] or targeted therapy [8,9]. EGFR is
one of the targets that bridges the processes of hypoxia and proliferation. Induction of
EGFR phosphorylation is a mechanism by which cells enhance their proliferation in
response to ionizing radiation [29]. This EGFR response has been linked to several crucial
components of mitogenic or proliferative signaling pathways, a major route being the
RAS/RAF/mitogen-activated protein kinase (MAPK) pathway [29]. High EGFR expression
correlates with poor treatment outcome in HNSCC [12]. Two clinical studies have shown
improved locoregional control with a schedule of accelerated radiotherapy in tumors with
high EGFR expression, but not in tumors with low expression [30,31]. Preclinical data show
that inhibition of EGFR causes a G1 arrest, and prevents cellular recovery / repopulation
during radiotherapy [32-34], Furthermore, the combination of EGFR inhibitors with
radiotherapy can result in improved tumor oxygenation [34], and downregulation of
angiogenic response [33]. Hypoxic tumors have been shown to increase EGFR synthesis; an
effect that did not diminish after reoxygenation [35]. In a clinical study, colocalization of
EGFR and pimonidazole in tumor sections was correlated with poor outcome [36]. The
intertwined functionality of EGFR in multiple signaling pathways results in a blocking effect

of several other resistance mechanisms, such as DNA repair and cancer stem cell
activation, upon EGFR inhibition [37]. A phase III clinical study exhibited improvement in
overall survival and locoregional control by addition of the EGFR inhibitor cetuximab
during radiotherapy of HNSCC (at a median follow up of 54 months: median overall
survival 49 versus 29.3 months and median duration of locoregional control 24.4 versus
14.9 months for the treatment groups of radiotherapy combined with cetuximab versus
radiotherapy only) [38].

Patiënt selection; invasive and noninvasive methods
Over the last decades, it has become clear that there is a need for more individualized
therapy regimens, tailored to target specific tumor characteristics, in order to increase
HNSCC control and survival. A simultaneous strive is to decrease treatment toxicity as
much as possible. Besides the interventions already mentioned, such objectives can be
achieved by specifically increasing radiation doses to tumor regions that show the highest
resilience, while limiting doses to surrounding healthy tissues. Some patients may present
with tumors that are barely hypoxic or that do not display enhanced proliferation during
therapy. For these patients, and others with tumors that are likely to respond well to
radiotherapy, dose / treatment de-escalation might be an option. It is imperative to select
those patients who are most likely to benefit from a particular treatment modification
prior to radiotherapy, and potentially to adjust treatment at an early phase based on
specific early response measurement.
Tumor resistance mechanisms and factors, such as hypoxia, proliferation and EGFR
expression, can be quantified by invasive diagnostics. p02 in accessible primary tumors
and cervical lymph nodes can be measured directly by polarographic needle electrode
(Eppendorf™) [16,17]. The invasive nature of this procedure and the insufficiënt coverage
of an entire tumor lesion or lymph node, as well as the impossibility to distinguish necrosis
from severe hypoxia in viable tumor areas, make it an unattractive modaiity to apply on a
large scale in the clinical setting.
Tumor cell hypoxia, proliferation and many specific markers can be assessed in tumor
biopsies obtained under local or general anesthesia. Intravenously administered
bioreductive chemical markers, such as pimonidazole or EF5, are reduced under hypoxic
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conditions and stain hypoxic tumor areas [39]. Endogenous hypoxia-related markers are
upregulated under hypoxic circumstances. Various markers have been associated with
tumor hypoxia, such as carbonic anhydrase IX (CAIX), EGFR, the glucose transporters
GLUT1 and GLUT3, osteopontin, hypoxia-inducible factor-la (HIF-la) and tyrosine
hydroxylase, have received attention as potential molecular markers of hypoxia [39,40],
Proliferation markers include the intravenously administered exogenous S-phase specific
thymidine analogue antibodies bromodeoxyuridine and iododeoxyuridine, or e.g. the
endogenous cell-cycle markers Ki-67 and proliferating cell nuclear antigen (PCNA) [28,41].
These methods have their inherent limitations; biopsies can only be taken from the
accessible part of the tumor and therefore may not represent the tumor heterogeneity in
full. The 5-^m sections from these biopsies that are stained for immunohistochemistry,
present an even further reduction of spatial information. Repeated invasive tumor
sampling before and during therapy causes a major burden of discomfort and is only
possible in accessible (oral or oropharyngeal) tumors without the need for general
anesthesia.
Considering the drawbacks of invasive methods when aiming for individualized modifiable
treatment strategies, there is an urgent need for reliable noninvasive functional imaging
techniques.

Functional imaging; positron emission tomography

For diagnostic and radiotherapy planning purposes, the preferred anatomical imaging
modalities are computed tomography (CT) and magnetic resonance imaging (MRI). CT is
mostly applied when a primary tumor is located in the larynx or hypopharynx and gives a
good overview of the tumor localization, (metastatic) cervical lymph nodes and tumor
invasion of surrounding tissues such as the thyroid cartilage. MRI is preferred for oral
cavity and oropharyngeal tumors and provides superior soft tissue contrast between
tumors and e.g. the tongue musculature. At present, thorough clinical examination of the
head and neck region along with anatomical imaging provide the basis for staging, therapy
regimen decisions, radiotherapy delineation and planning. CT has been used for response
evaluation during treatment; tumor shrinkage develops relatively slow with median tumor
shrinkage of 0.2 cm3 per day [42], Adaptive radiotherapy planning based on mid-treatment
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clinical target volume shrinkage and normal-tissue changes on CT is possible [43].
However, anatomical imaging can be hampered by anatomical changes during treatment
such as edema, infection or developing necrosis. Post-treatment imaging can be hindered
by anatomy distortions caused by tumor regression / progression / inflammation.
Functional imaging with positron emission tomography (PET) can assist in the localization
and proper delineation of tumors or tumor regions with certain characteristics and can
identify and monitor biological features before and (early) during treatment. Functional
tumor responses can be assessed with PET well before significant anatomical tumor
changes can be observed [44].

PET is a highly sensitive imaging modality with a relatively good contrast resolution, but
limited spatial resolution. Intravenously administered molecules, e.g. proteins or protein
fragments, hormones, metabolites and pharmaceuticals, are labeled with radionuclides
and accumulate in tissues according to specific uptake patterns. The administered
radionuclide emits positrons that annihilate with electrons, producing two 511-keV
photons that travel in opposite directions. Photons are detected with a ring of crystals
positioned around the imaged subject. Coincidental events result in a sinogram that is
reconstructed into a series of images. The various PET radiopharmaceuticals can
noninvasively visualize a spectrum of tumor characteristics, such as glucose metabolism,
hypoxia, proliferation, pharmaceutical accumulation and expression of cellular proteins
such as EGFR. Heterogeneity of tumor characteristics can be assessed in the entire tumor
at once and temporal changes of these characteristics can be monitored before and during
treatment. Nowadays, PET is integrated with CT in one scanner, providing improved
possibilities for tumor localization and delineation. In the future, PET may provide the
particular information on individual head and neck tumors that is necessary to motivate
and substantiate patient-specific therapy decisions.

Outline of the thesis
This thesis deals with the noninvasive characterization of HNSCC radiotherapy resistance
mechanisms using PET, with an emphasis on imaging of hypoxia, proliferation and EGFR
markers. Various tracers are being assessed in preclinical models for their correlation with
17

equivalent immunohistochemical marker presentation and for their optimal imaging
conditions. Several PET tracers for hypoxia and proliferation have already found their way
into the clinical setting and have been tested in small studies. The well-known PET tracer
2~[18F] fluoro-2-deoxy-D-glucose (18F-FDG) is used in the clinic on a large scale, and studies
are being conducted to clarify the correlation of 1SF-FDG with HNSCC tumor
characteristics. Of special interest is the potential use of PET for radiotherapy planning
purposes, for allocation and adaptation of individualized treatment regimens, and for
prognostic and predictive purposes.

In chapter 2, an introductory overview is given on the current role of PET with regard to
HNSCC imaging, radiotherapy planning, prognostic and predictive properties and potential
use for treatment allocation. The focus is laid on 18F-FDG and the known hypoxia-related
and proliferation-related PET tracers. Current concepts are reviewed and suggestions for
integration of PET modalities into HNSCC diagnostic and treatment protocols are given.

With the prospect of eventually deciphering tumor characteristics on multiple levels and
not just regarding one or a few particular features related to one treatment modification
aspect, it is vital to gain insight into the (number of) tumor features that should be
assessed to thoroughly individualize tumor classification. Furthermore, it is unclear to
what extent 18F-FDG PET, as a diagnostic often performed in HNSCC, can improve
functional tumor characterization by immunohistochemistry (IHC) features. In chapter 3,
we describe a study of 14 head and neck cancer xenograft lines. 1SF-FDG images were
acquired

and

tumor

sections

were

stained

for

multiple

metabolism-related

immunohistochemical (IHC) markers. Standard quantification parameters and image
texture features were obtained from both imaging modalities. We describe the systematic
analysis of classification accuracy of IHC and PET parameters in order to define a limited
set of features that can reliably distinguish individual head and neck tumors.

Noninvasive imaging modalities depicting endogenous hypoxia-related markers, such as
the radiolabeled girentuximab (also known as G2.50), an anti-CAIX monoclonal antibody,
have been developed and tested in the preclinical situation. However, imaging of
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radiolabeled intact IgG antibody can be time-consuming owing to the slow uptake,
diffusion and washout kinetics inherent to these tracers. Chapter 4 describes the use of
89Zirconium (89Zr)-labeled protein F(ab')2 fragments for the rapid imaging of CAIX in a
HNSCC xenograft line. PET imaged tumor accumulation was compared with tumor section
89Zr-cG250-F(ab')2autoradiography and IHC staining of CAIX.

Nuclear imaging can be used to assess the presence, abundance and accessibility of
particular molecules, such as EGFR, that are frequently upregulated in HNSCC and play a
role in therapy resistance mechanisms. Besides PET, another molecular imaging modality
with supreme imaging quality in the preclinical situation is single-photon emission
computed tomography (SPECT). In contrast with PET, radionuclides used for SPECT emit
photons that are measured directly by detectors. Clinical SPECT scanners have a lower
resolution than clinical PET scanners. However, a small-animal microSPECT camera with
multipinhole collimators provides sub-millimeter resolution and can therefore provide
excellent imaging of xenograft tumors in mice. Pharmaceuticals such as cetuximab (an
EGFR inhibitor) can be stably labeled with gamma-emitting radionuclides such as m lndium
(m ln). For severai studies described in this thesis, we therefore chose to perform
preclinical imaging with SPECT ratherthan PET. In preclinical studies head and neck tumor
uptake of radiolabeled cetuximab did not correlate with EGFR expression in the tumor
[45]. This might be due to the use of suboptimal cetuximab protein dose in these animal
models. In chapter 5, we describe the systematic assessment of dose optimization of
m lndium-DTPA-cetuximab (lu ln-cetuximab) for EGFR imaging in a HNSCC xenograft
model. In vitro cellular uptake was analyzed and the optimal preclinical imaging dose and
time of image acquisition was determined in a dose escalation study and by microSPECT
imaging. Autoradiography of m ln-cetuximab uptake in tumor sections was correlated with
EGFR expression on IHC. Subsequently, we assessed if rapid microSPECT imaging could be
achieved using m ln-labeled cetuximab-F(ab')2as a tracer. In chapter 6, the optimization of
dose and imaging for this tracer is outlined.

Subsequently, the potential role of the proliferation-related PET tracer 3'-deoxy-3'-18Ffluorothymidine (18F-FLT) for early response assessment in advanced HNSCC patients
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treated with radiotherapy or chemoradiotherapy. Chapter 7 recounts the effects of
treatment on tumor uptake of 1SF-FLT as well as correlation between uptake changes and
clinical outcome in 48 patients undergoing 3 consecutive 1SF-FLT PET scans prior to and
during (chemo)radiotherapy. If 1SF-FLT is to play a role in response assessment and
radiotherapy planning in the future, correct and standardized segmentation of the
proliferative tumor volume is mandatory. In chapter 8, we describe the comparison of 3
advanced semi-automatic PET segmentation methods for the most optimal proliferative
volume delineation before and during therapy.
Chapter 9 describes the 18F-FLT PET uptake responses to cetuximab and radiotherapy
combined with cetuximab in 5 advanced HNSCC patients, who underwent 4 sequential
PET-CT scans before and during therapy.

Chapter 10 provides a general discussion including future perspectives. A summary of the
outlined studies is given in chapter 11.
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Abstract
Integration of molecular imaging PET techniques into therapy selection strategies and
radiation treatment planning for head and neck squamous cell carcinoma (HNSCC) can serve
several purposes. First, pre-treatment assessments can steer decisions about radiotherapy
modifications or combinations with other modalities. Second, biology-based objective
functions can be introduced to the radiation treatment planning process by co-registration
of molecular imaging with planning CT-scans. Thus, customized heterogeneous dose
distributions can be generated with escalated doses to tumor areas where radiotherapy
resistance mechanisms are most prevalent. Third, monitoring of temporal and spatial
variations in these radiotherapy resistance mechanisms early during the course of treatment
can discriminate responders from non-responders. With such information available shortly
after the start of treatment, modifications can be implemented or the radiation treatment
plan can be adapted tailing the biological response pattern.
Currently, these strategies are in various phases of clinical testing, mostly in single-center
studies. Further validation in multicenter set-up is needed. Ultimately, this should result in
availability for routine clinical practice requiring stable production and accessibility of
tracers, reproducibility and standardization of imaging and analysis methods, as well as
general availability of knowledge and expertise. Small studies employing adaptive
radiotherapy based on functional dynamics and early response mechanisms demonstrate
promising results. In this context, we focus this review on the widely used PET tracer 18F-FDG
and PET tracers depicting hypoxia and proliferation; two well-known radiation resistance
mechanisms.
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üntroduction
Over the last decades, treatment modalities for locally advanced head and neck squamous
cell carcinoma (HNSCC) have shifted from mainly surgical to radiotherapy, increasingly with
the addition of systemic treatments such as chemotherapy or biologically modifying agents
[1,2]. Intensity-modulated radiation therapy (IMRT) delivers high conformal doses and
facilitates dose escalation to the tumor while reducing doses to normal tissues. Although
treatment options have expanded, the locoregional recurrence rate is still relatively high and
5-year survival rate usually below 50% [3]. New possibilities are needed to improve outcome
for this patiënt group. Currently, treatment decisions are based on several patiënt- as well as
tumor-parameters deduced from clinical and imaging diagnostics. Individual biological
parameters are rarely taken into account, although these are dominant factors in the
eventual tumor response to therapy. Also, corrections for morphological and biological
tumor changes during (chemo)radiotherapy are seldom applied. In recent years, knowledge
about predictive and prognostic biomarkers has increased. Using molecular and functional
imaging-techniques such as positron emission tomography (PET)- computed tomography
(CT)-scanning and magnetic resonance (MR)-imaging, critical tumor characteristics such as
metabolic activity, proliferation, hypoxia and vascularization can be assessed in a noninvasive manner. Definition of biological characteristics before and early during therapy may
help to individually adapt and optimize treatment schedules for patients in order to procure
a better prognosis and decrease treatment toxicity [4]. Information from imaging modalities
can be combined to form a treatment plan, and monitoring of biological response can be
used to adjust plans accordingly, instead of basing the entire schedule on a momentary
situation before treatment. PET can be implemented to identify specific tumor (sub)volumes
with increased radiation resistance that are to receive an escalated radiation dose, to
investigate applicability of specific treatment alternatives, or possibly to ascertain cases
where treatment de-escalation is an option.
In this review, we discuss developments in the field of molecular PET-CT imaging that can aid
the improvement of radiotherapy delivery in HNSCC and thus the improvement of long-term
outcome and reduction of toxicity. We focus on the widely used PET tracer 18F-FDG and PET
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tracers depicting hypoxia and proliferation, which are well-known mechanisms responsible
for radiation resistance.

18f -f d g

pet

PET with the glucose analogue 2-[lsF] fluoro-2-deoxy-D-glucose (18F-FDG) is accepted as a
powerful molecular imaging method exploiting the increased metabolic activity of cancer
cells. Research is still focused on unearthing the molecular mechanisms underlying the
cancer cells' altered glucose metabolism [5]. Uptake of 18F-FDG has been assessed for
correlation with several biological characteristics in tumors, such as glycolysis, glucose
transporter-1 (GLUT1) and hypoxic markers [6,7], proliferation [8], epithelial growth factor
receptor (EGFR) [9], protein kinase B (AKT) [10,11] and combinations of several markers [12],
with conflicting results. Overall, 18F-FDG uptake in malignancies reflects multifactorial
mechanisms of increased metabolic activity and glucose utilization, performed by the
glucose transporters and enzymes in the glycolytic pathway, which in turn are regulated by
different signaling pathways triggered by endogenous and exogenous stimulators. Attempts
to attribute 18F-FDG uptake in different malignancies to expression of one specific protein
are therefore debatable.
In HNSCC, 1SFDG-PET can lead to TNM stage differences and treatment strategy changes by
detecting lymph nodes and distant metastases not discovered using other imaging
modalities [13]. However, 18F-FDG PET requires cautious interpretation due to uptake in
nonmalignant tissues caused by peritumoral inflammation and physiologic changes in the
head and neck region as well as limited sensitivity in evaluation of cervical node
(micro)metastases [14,15]. Nonetheless, qualitative 1SF-FDG PET is increasingly implemented
before, during and after radiotherapy of HNSCC.

Target volume delineation for radiotherapy

The use of 18F-FDG PET for target volume delineation in radiotherapy planning for HNSCC has
been investigated in single institution studies [13,16-25]. The simplest method for
segmentation, visual interpretation of the PET tumor signal, has been commonly applied in
many studies, but is highly operator-dependent and influenced by window-level settings
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[13,19,22,24]. Other investigators used fixed thresholds based on standardized uptake value
(SUV) to segment PET tumor volumes, such as a SUV of 2.5 or 40% / 50% of the maximum
tumor intensity [23,26]. Models using a fixed (relative) threshold relying on SUV are
questionable, notwithstanding tumoral uptake heterogeneity; the head and neck region
contains several structures that tend to have a high physiological 1SF-FDG uptake, such as the
vocal cords and the tonsillar area, which can be erroneously included in the segmented area.
Furthermore, SUV can show variation depending on the scanning protocol, blood glucose
levels and other patiënt factors.
Various (semi-)automated PET segmentation algorithms have been proposed to reduce
inter-observer variation. Several investigators used advanced adaptive relative threshold
segmentation methods based on maximal tumor uptake and / or background uptake
[17,18,25,27]. Other techniques have been introduced to refine HNSCC (semi-)automated
segmentation, such as methods using image gradients to define tumor areas [28,29], halobased contouring [21], graph-based segmentation using information from coregistered PET
and CT together [30], or an adaptive region-growing / dual-front active contour model [31].
Several studies addressed impact to the gross tumor volume (GTV) when using 18F-FDG PET
segmentation alongside CT images; reported changes mostly concerned a decrease in GTV,
especially for the more sophisticated segmentation methods [13,17-21,23,24].
A comparative study by Schinagl et al., of 5 different segmentation methods reported that
PET-segmented volumes frequently extended outside CT delineations, while being smaller
on average. Few groups have validated HNSCC delineation using different imaging modalities
against surgical resection specimens [32]. in these studies, although describing various PET
segmentation methods, 18F-FDG PET defined GTVs were better related to surgical resection
specimens than CT or MRI defined GTVs [17,33], but still did not encompass the entire
pathological GTV. A gradient-based method using the watershed transform and hierarchical
cluster analysis, developed by Geets et al., outperformed the adaptive signal-to-background
ratio thresholding method by overestimating macroscopic pathological tumor volume by
only 20% instead of 68% [20]. Zaidi et al. tested 9 different segmentation methods against
surgical specimens and found the best performance (i.e. underestimation of the actual
volume by an average of 6%) for a spatial wavelet-based aigorithm, which incorporates
spatial information during the segmentation process [34]. As more specialized segmentation
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tools that exploit the differences in metabolism between tumors and surrounding tissues are
being developed, the use of 18F-FDG PET for correct primary tumor delineation alongside CT
/ MRI diagnostics can become a substantial asset. This not only holds true for primary
tumors, but also for the correct Identification and delineation of lymph node metastases
[35]. Furthermore, 1SF-FDG PET directed dose-distribution could lead to better sparing of
organs at risk, such as the parotid glands [18]. However, it is imperative that validated
independent and robust methods, which of yet seem to function in highly specialized studysettings, become readily available for the clinical practice.

IMRT planning and adaptive radiotherapy based on 1SF-FDG PET

Integration of 1SF-FDG PET in IMRT planning has been described as beneficial for treatment
individualization and dose escalation [36-38]. Groups have reported 2-year overall survival of
80-90% and locoregional control of 70-80% after implementation of 8F-FDG PET-CT based
IMRT [39,40]. In a study of 10 HNSCC patients who underwent 5 1SF-FDG PET-CT scans before
and during therapy, Castadot et al. found not only changes in the volume, but also in the
position of target volumes and organs at risk during concomitant chemoradiotherapy [29],
This may give rise to adaptive strategies, where patients are re-imaged and re-planned
during therapy. However, implementation of adaptive schemes may not be straightforward.
Automated delineation methods based on signal-to-background ratios may erroneously
expand PET tumor volumes far beyond the actual tumor area during (chemo)therapy,
because of decreasing SUV values in tumors and increasing background signals due to
induced inflammation during therapy [41,42]. The use of an adequate delineation method
during treatment is mandatory for planning adaptation. Geets et al. found that, using a
gradient-based algorithm on 5 pre- and per-treatment 1SF-FDG PET scans in 10 HNSCC
patients treated with chemoradiotherapy, PET-segmented target volumes reduced
significantly during treatment [28]. Adaptive IMRT lead to a decrease in the high-dose
volumes compared to pre-treatment CT planning, with little further impact on selected
organs at risk, proving this approach useful for dose escalation schemes.
Another concept in the range of PET-based IMRT planning is theragnostic "dose-painting by
numbers", where voxel-wise dose prescription and escalation is related to PET tracer uptake
to procure a non-uniform radiation dose distribution [43]. A phase I trial at the University of
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Ghent used adaptive IMRT planning based on dose-painting by numbers according to 18FFDG PET voxel intensities [44]. Median total doses of 80.9 Gy or 85.9 Gy, in a total of 32
fractions, were planned to the high-dose target volumes remaining after 20 fractions. The
researchers concluded that although treatment to the 85.9 Gy dose-level is feasible,
development of late-onset mucosal ulcers designated the 80.9 Gy dose-level as maximum
tolerated dose. Per-treatment re-planning can be beneficial, as described in a prospective
trial involving adaptive CT-based IMRT planning mid-treatment [45]. A dosimetric benefit
and no negative effects on outcome events were found in 22 patients after a median follow
up of 31 months. The aforementioned studies show that treatment plans can be adapted
during therapy, following the metabolic response pattern.

Prognostic value of 1SF-FDG PET before, during and after radiotherapy in HNSCC
Increasing numbers of treatment centers use 1SF-FDG PET scans for routine diagnostic
staging in HNSCC patients. Investigators have looked at the prognostic value of such imaging.
Studies in often non-uniformly treated cohorts of HNSCC patients reported that a high pretreatment 1SF-FDG uptake was associated with poor outcome [46-49]. A recent prospective
study, however, did not report an overall consistent prognostic PET-parameter (SUV- or
metabolic volume-based) for tumors within different regions of the head and neck area in 77
patients treated with (chemo)radiotherapy [50].
Others have focused on the ability of 18F-FDG PET-CT to provide prognostic information and
to serve as a tooi for treatment

response assessment after completion

of

(chemo)radiotherapy [51]. A meta-analysis concluded, that best accuracy in detecting
residual or recurrent disease is achieved 3 months after completion of therapy [52], 1SF-FDG
PET could be used for decisions on salvage neck-nodal dissections after (chemo)radiotherapy
[53]. However, post-therapy assessment is useless when aiming for early treatment
modification to improve outcome or reduce overtreatment. Brun et al. reported more
complete remissions and better 5-year overall survival in HNSCC patients with tumors
showing a low metabolic rate on 1SF-FDG PET scans performed 5-10 days after 1 cycle of
neoadjuvant chemotherapy (n=10) or after a median of 24 Gy radiotherapy (n=37) [54]. One
recent study in 37 HNSCC patients treated with chemoradiotherapy reported superior 2-year
overall survival and locoregional control for patients with a decrease in 18F-FDG PET SUVmax
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of 50% or more after 10-20 Gy compared to patients who had a lesser decrease [55],
Conversely, another group did not observe a correlation between reduction of 1SF-FDG
uptake after 2 weeks of chemoradiotherapy and outcome in 26 patients [56]. They found a
prognostic value for 18F-FDG PET-CT performed 8-12 weeks after therapy with regard to
disease specific survival and relapse free survival. The prognostic value of 18F-FDG PET before
or during treatment therefore remains debated.

In conclusion, information from widely available 18F-FDG PET can complement other
diagnostic modalities for treatment decisions and guidance of radiotherapy planning, but it
cannot replace clinical examination or CT / MRI scans to obtain important details. Defining
the primary tumor boundaries with PET is difficult. For example, it seems impossible to
define superficial tumor spread as is mostly found by clinical examination [17,24]. To assess
invasion of tumor-surrounding tissues, it seems best to use the combined qualities of fused
PET-MRI scans [57]. Tumor limits can be misconstrued due to 1SF-FDG uptake in surrounding
non-malignant tissue, or due to a decrease in tumor-to-background ratio during therapy.
Highly specialized segmentation methods seem to comply best with histological resection
specimens as compared to CT or MRI in a few small studies, and can result in an accurate
reduction of GTV and in sparing of normal tissues for radiotherapy planning. Larger multiinstitutional studies should generate the most robust imaging quality and segmentation
methods [58-60]. Adaptive IMRT planning per-treatment is possible with 1SF-FDG PET
determination of metabolic HNSCC activity, but more knowledge is needed on the potential
volume and spatial shift in 1SF-FDG uptake during therapy and its correlation with actual
tumor activity as opposed to an inflammatory reaction. Also, more should be known about
the relation of 1SF-FDG uptake with the site of HNSCC tumor recurrence, which is situated
predominantly but not exclusively inside the pre-treatment PET-derived target volume in
small retrospective series [38,61]. The prognostic value of 18F-FDG PET before and early
during treatment may be a valuable asset in assigning and redirecting therapy, but the first
outcomes are derived from small heterogeneous non-randomized studies that show
conflicting results and have not produced validated and applicable cut-off values for the
clinic.
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Hypoxia
Hypoxia is an important mechanism of radioresistance in HNSCC [62]. it also impacts on the
tumor microenvironment by stimulating angiogenesis and metastatic potential [63], A high
hypoxic fraction in HNSCC is associated with a decreased clinical outcome after radiotherapy
[64,65]. Several options to modify hypoxia have been proven successful in improving therapy
outcomes, such as accelerated radiotherapy with carbogen and nicotinamide (ARCON) [66]
and the hypoxic radiosensitizer nimorazole [67]. Also, dose escalation can be applied to the
hypoxic tumor regions. A recent meta-analysis showed an overall beneficial effect of the
addition of hypoxic modification to radiotherapy of HNSCC [68].
Hypoxia can be measured by invasive methods such as polarography electrodes or
immunohistochemical staining for hypoxia-related markers in tumor biopsies [69], These
methods are prone to sampling errors and have a limited use because of their invasive and
technically demanding nature. Biopsies only represent a fraction of the total tumor volume.
The extent of hypoxia can vary widely between but also within head and neck tumors. Also,
results of hypoxia modification within individual tumors cannot be monitored rapidly using
repeated invasive procedures. Noninvasive hypoxia imaging can provide an attractive
substitute. In the field of PET imaging, multiple hypoxia-related markers have been tested
during the years. Initially 18F-FDG was thought to be a hypoxic marker, since hypoxic (tumor)
cells display an elevated glycolytic activity. However, this depends on the type of glucose
metabolism preferred by a tumor; since most HNSCC display an aerobic glycolysis with high
glucose utilization even under well-oxygenated circumstances, 18F-FDG uptake is not
specifically related to the level of hypoxia [70,71],

Nitroimidazole-based PET tracers
Nitroimidazole-based compounds such as misonidazole and pimonidazole are exogenous
markers that selectively bind to hypoxic cells after administration and are frequently used
for immunohistochemical staining of tumor sections. Labeled nitroimidazoles can be used as
PET tracers of hypoxia. The first and best-known is [18F] Fluoromisonidazole (18F-FMISO) [72],
In 10 HNSCC xenograft models, autoradiography of 18F-FMISO compared with the fraction of
pimonidazole-stained

tumor

on

immunohistochemistry

revealed

that

18F-FMISO
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accumulation depended on the type of hypoxia-distribution-pattern; ribbon-like, patchy or
homogeneous, with the highest correlation found in ribbon-like hypoxia [73]. Studies
evaluating 18F-FMISO uptake in cervical lymph node metastases displayed conflicting
correlations with p02 polarography measurements [74,75]. Several authors stress the
methodological limitations of lsF-FMISO and other nitroimidazole-based PET tracers. 18FFMISO is reduced under hypoxic conditions by intracellular nitroreductase enzymes and
bound to cellular macromolecules. 18F-FMISO displays a slow washout of unbound tracer
from background tissues, creating a relatively low contrast in images. The spatial separation
of hypoxic cells from perfused vessels results in long diffusion times for the tracer to reach
hypoxic areas. Spatial information in small tumors is hampered by the inherent PET
resolution and by the fact that tracer uptake only occurs in viable hypoxic cells often
constituting a small subpopulation of the tumor. There has been debate regarding the idea!
imaging time of 18F-FMISO, but overall reliable imaging can take place from 2 hours after
injection onwards, when normal tissues have equilibrated with plasma and hypoxic tissues
still show retention of 18F-FMISO [76] (Fig. 1). SUV-defined contrast between HNSCC and
background tissues is likely optimal 4 hours after injection [77], but kinetic modeling can
make early quantification more reliable, more appropriate for heterogeneous tumors and
therefore more adjusted for individually adapted treatment planning [78]. In order to
procure a better contrast between tumor and background, efforts have been made to find
nitroimidazole compound tracers with a faster diffusion in tumors as well as a faster wholebody clearance than FMISO. Studies focused on more lipophilic nitroimidazoles, such as EF3
and EF5 based on the radiosensitizer etanidazole, resulted in tracers with a good penetration
and diffusion in tumors but a simultaneous limited clearance and therefore a varying
potential in tumor detection [79,80].
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Figure 1. 18F-FM ISO PET-CT scan of a CT4N0M0 oral cavity tum or 30 min after injection w ith diffuse
uptake in tum or and normal tissues (A-C) and 3 hours after injection w ith specific tum or retention
(D -F). Transversal (A+D), coronal (B+E) and sagittal (C+F) planes.

A more lipophilic and consequentially more rapidly clearing nitroimidazole compound, 18Ffluoroazomycin arabinoside (1SF-FAZA), displayed a good correlation between PET /
autoradiography

uptake

and

pimonidazole

and

Hoechst

(perfusion

marker)

immunohistochemical staining in xenograft models [81]. In 2 clinical pilot studies, 7 out of 11
and 6 out of 9 HNSCC patients, respectively, showed adequate tumor PET-imaged uptake of
1SF-FAZA 2 hours after injection [82,83]. In the DAHANCA 24 study, 18F-FAZA PET-CT scans
prior to and during (chemo)radiotherapy combined with nimorazole, resulted in an
identifiable hypoxic tumor volume in 25 out of 40 and 6 out of 13 HNSCC patients,
respectively [84], If a hypoxic tumor volume was discernable on the scan procured during
therapy, the location was similar but the total volume smaller compared to the pre-therapy
scan. During a median follow up of 19 months there was a significant better disease free
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survival for patients with non-hypoxic tumors on 18F-FAZA PET-CT than for patients with
hypoxic tumors; 93% versus 60%, respectively (p=0.04).
Another nitroimidazole-based tracer with better water solubility than 18F-FMISO, 1SF-HX4 (3[18F]fluoro-2-(4-((2-nitro-lH-imidazol-l-yl)methyl)-lH-l,2,3,-triazol-l-yl)-propan-l-ol), based
on the 2-nitroimidazole pharmacophore, is currently undergoing clinical evaluation. in 8 out
of 12 HNSCC patients, Cheng et al. found similar tumor-to-muscle ratios on 1SF.-HX4 PET scan
performed 1.5 hours after injection compared to lsF-FMISO scans performed 2 hours after
injection on the following day [85]. Two lesions showed no tracer uptake, while 2 tumors
only showed uptake of either 18F-HX4 or lsF-FMISO.
One study describes dynamic PET imaging with the fluorinated nitroimidazole 18F-labeled
fluoroerythronitroimidazole (FETNIM) [86].

Other hypoxia PET tracers

An alternative lipophilic PET tracer of hypoxia is based on a metal complex of radioactive
copper with ATSM, diacetyl-bis(N4-methylthiosemicarbazone) [87]. The precise mechanisms
of hypoxic cell retention of Cu-ATSM and other processes affecting Cu-ATSM stability are
unclear [88]. While a clinical study supported the potential of (62)Cu-ATSM as prognostic
marker of radiotherapy outcome [89], additional investigations need to establish Cu-ATSM
as a specific marker of hypoxia.
Quantifiable PET imaging of endogenous hypoxia-associated markers, such as the membrane
protein carbonic anhydrase IX that is upregulated by hypoxia-inducible factor-lct (HIF-la)
under hypoxic conditions, is feasible using specific monoclonal antibody (fragments) such as
G250 [90,91]. Even though endogenous markers are attractive for use in the clinic, no clinical
studies have been undertaken as of yet.

Hypoxia instability

One issue influencing hypoxia imaging with any PET tracer is the instability of hypoxia in
HNSCC. A shift in hypoxic regions of head and neck tumors develops over time, with lifetimes of hypoxic cells spanning from several hours to multiple days [92]. It is argued that the
dynamic cellular and micro-environmental processes influencing hypoxia in tumor areas
dictate the uptake and retention kinetics of different PET hypoxia-tracers, with a highly
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variable nonlinear curve after administration followed by an approximately linearly sloped
signal [93]. Repeated 18F-FMISO PET imaging performed 3 days apart and a mean 162
minutes (range 117-195) after injection in 13 HNSCC patients showed variability in spatial
tracer uptake - only 6 patients showed well-correlated tracer uptake distribution [94]. On
the other hand, a recent study showed highly stable hypoxic tumor areas in 10 out of 11
HNSCC patients, on 18F-FMISO PET scans performed 4 hours after injection with a 2-day
interval [95]. Multiple effects, such as a more stabilized tumor-to-blood ratio 4 hours after
injection as opposed to 2-3 hours, a longer time-span between the repeated scans of the
former study and differences in imaging- and reconstruction-protocols, might partly explain
these outcome differences. Nevertheless, hypoxia regions may show fluctuation during a
radiotherapy course and this should be taken into account if hypoxic tumor volumes are
utilized for radiotherapy planning.

It is hard to argue a preference for any specific hypoxia (related) PET tracer for HNSCC based
on the currently available data. Most knowledge has been gathered concerning the
characteristics of 18F-FMISO. However, more extensive clinical testing might designate
another nitroimidazole-based compound, such as 18F-FAZA or 18F-HX4, as the most
convenient and reliable tracer in terms of uptake and clearance, earliest post-injection time
for imaging, simplicity and cost of production and general applicability in multi-institutional
settings. This is unclear as of yet and efforts should focus on defining the best tracer at hand
instead of developing yet another hypoxic marker in small (pre-)clinical settings.

Hypoxia PET for radiotherapy planning

Hypoxia PET imaging can be incorporated into the radiotherapy planning process to apply a
radiotherapy boost for focal hypoxia. In in silico studies, Chao et al. and Dalah et al.
demonstrated that IMRT dose to hypoxic regions defined by high soCU-ATSM or 64CU-ATSM
uptake in head and neck tumors could be escalated while normal tissues were spared
[96,97]. The concept of lsF-FMISO or 1SF-FAZA PET-guided dose escalation in HNSCC using
IMRT was applied by multiple groups [98-104]. Boost doses up to 84 Gy could be achieved
without exceeding normal tissue tolerance in silico (however, as mentioned before, 80.9 Gy
seems to be the maximum tolerated dose to avoid late-onset mucosal ulcers inside the GTV
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area [44]). The hypoxic volume demarcation was determined using set tumor uptake /
background tissue ratio thresholds or by visual contouring. Grosu et al. also escalated doses
to 18F-FAZA positive cervical node subvolumes, but found that specific demarcation was not
feasible in 39% of patients when hypoxic areas were diffusely distributed [100]. Most
planning studies relied on the assumption of hypoxic tumor region stability, which may not
reflect the actual situation. Lin et al. observed that IMRT planned boost doses of 84 Gy on
18F-FMISO positive tumor areas did not cover dissimilar hypoxic areas on PET images
obtained 3 days later (before start of treatment) in 4 out of 7 HNSCC patients; the average
equivalent uniform dose to the hypoxic tumor volume decreased from 87 Gy to 80 Gy [105].
Dose-painting by numbers according to PET tracer uptake level in tumors in different head
and neck areas was technically feasible using lsF-FMISO or 61Cu-ATSM PET images [106-108].
A kinetic model based on repeated 18F-FMISO imaging during radiotherapy indicated that
individual re-oxygenation times are linked to Tumor Control Probability (TCP) [109]. Two
studies incorporated models into the radiotherapy planning system that could also adjust for
tumor reoxygenation during therapy. Thorwarth et al. estimated that TCP would increase
from 56% to 70% using dose-painting by numbers based on hypoxia PET [106]. Toma-Dasu et
al. proposed a dose-painting model that calculated prescription doses in the events of static
or dynamic oxygenation status in tumors during therapy [107]. Tumors with low and
homogeneous tracer uptake could theoretically be controlled by prescription doses between
64 and 76 Gy. However, for hypoxic tumors with heterogeneous uptake, doses up to 121 Gy
would be required to gain 95% TCP in the event of static oxygenation, which is not an
attainable goal. When oxygenation dynamics were incorporated into the model, the 95%
TCP dose for the same tumor would be 77 Gy, which is closer to doses used in current
practice.
The common limitation in these studies is that they were planning exercises that were not
actually delivered to patients.

Outcome prediction using hypoxia PET

The relevance of hypoxia for outcome prediction of advanced HNSCC has been
demonstrated in several imaging studies. Elevated pre-therapy 18F-FMISO uptake is related
to a worse prognosis for patients treated with (chemo)radiotherapy [110-113]. More
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hypoxic tumors could therefore be candidates for intensified treatment-protocols based on
baseline values. But, as mentioned before, hypoxia is a dynamic process and therapy induces
re-oxygenation of HNSCC. If partial or total re-oxygenation takes place during therapy, a
single pre-therapy hypoxia measurement will be insufficiënt to allocate or continue hypoxiatargeting modalities. Lee et al. found 18F-FMISO uptake in 18 of 20 stage lll-IV HNSCC
patients before chemoradiotherapy. In the fourth week of treatment, only 2 patients
showed residual hypoxia, but regional / distant recurrence occurred in another patiënt
during follow up [114]. In 29 patients with repeated 18F-FMISO scans during
chemoradiotherapy with or without tirapazamine, all 6 patients with residual 18F-FMISO
uptake after 4 weeks displayed locoregional or distant failure during follow-up [112]. Zips et
al. reported that, in a prospective cohort of 25 patients, 18F-FMISO imaging parameters after
1 to 2 weeks of chemoradiotherapy provided stronger prognostic potential for local
recurrence than pre-treatment parameters [115]. In the lsF-FMISO imaging substudy of a
phase II randomized trial that randomized between concurrent chemoradiotherapy alone or
combined with tirapazamine as hypoxic cytotoxin, patients with hypoxic tumors showed less
locoregional failure in the tirapazamine group than in the chemoradiotherapy-only group
[112]. Absence of hypoxia was associated with low risk of locoregional failure in the group
treated with chemoradiotherapy alone, suggesting that this group would not benefit from
more intensive therapy. This indicates that 18F-FMISO could identify patients who are most
likely to benefit from a tirapazamine-containing chemoradiotherapy regimen. This notion is
underlined by the outcome of a phase III trial analyzing chemoradiotherapy versus
chemoradiotherapy with tirapazamine in patients unselected for hypoxia, where addition of
tirapazamine to chemoradiotherapy did not improve outcome [116].

In conclusion, noninvasive imaging of the therapy-resistance factor hypoxia is feasible and
achieved with multiple PET tracers displaying specific accumulation in hypoxic HNSCC areas.
18F-FMISO has been evaluated most extensively and seems to represent hypoxic subvolumes
within HNSCC tumors adequately, but no widely applicable quantification and evaluation
methods are available for the clinical practice as of yet. Several hypoxia-related PET tracers
have been applied for in silico radiotherapy dose escalation planning. The hypoxic tumor
subvolume provides a basis for radiotherapy boosting, but small though relevant hypoxic
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volumes or patterns can remain unnoticed due to the limited PET spatial resolution.
Furthermore, reliable dose escalation to resistant tumor regions requires repetitive hypoxia
PET imaging during therapy due to fluctuation in oxygenation status, and it is still uncertain
which dose levels are necessary to eradicate hypoxic subpopulations. Hypoxia PET results
have been shown to have a prognostic as well as a predictive value in small prospective
series. This provides a basis for further studies allocating hypoxia modifying treatment
according to hypoxia status.

Proliferation
In HNSCC, enhanced proliferative activity and compensatory tumor cell proliferation during
treatment adversely affect outcome [117]. Various treatment regimens have been
developed to counteract this effect, such as accelerated radiotherapy [118,119],
chemoradiotherapy [1], or radiotherapy combined with cetuximab [120], but these
approaches also increase side-effects [121]. PET monitoring of proliferative activity of
tumors before and during treatment may potentially assist in better patiënt selection and in
treatment strategy modification based on early response assessment. PET of proliferation
has focused on imaging of thymidine analogue tracers. Thymidine is a native nucleoside,
which is incorporated into deoxyribonucleic acid (DNA). Shields et al. introduced the
thymidine analogue 3'-deoxy-3'-[18F] fluorothymidine (1SF-FLT) as a PET tracer, exploiting the
activity of the enzyme thymidine kinase 1 (TK1) as measure of proliferative activity [122].
18F-FLT is phosphorylated by TK1 and trapped intracellularly [122]. During DNA synthesis,
TK1 activity increases almost tenfold. 1SF-FLT trapping is related to TK1 activity and closely
associated with proliferative activity [123]. 18F-FLT has been validated against histopathology
in a variety of tumor types [124-126]. In a study of 17 HNSCC patients, 18F-FLT PET SUVmax
and SUVmean could not or only weakly be correlated with immunohistochemical staining for
proliferation-related markers and TK1 in resected tumor sections [127]. The discrepancy
might have been due to differences in biomarker characteristics, discrepancies in resolution
of the imaging modalities, and differences in quantification methods. Troost et al. found that
18F-FLT PET in 10 HNSCC patients did not discriminate between metastatic and reactive
lymph nodes, since the latter also displayed reactive B-lymphocyte proiiferation [128].
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A clinical study of De Langen et al. [129] exhibited the reproducibility of quantitative 18F-FLT
PET measurements. Pre-clinical and clinical studies confirmed that radiotherapy reduced 18FFLT uptake in head and neck tumors early, while no apparent changes in tumor size or
morphology could be noted [130,131]. Menda et al. reported kinetic 18F-FLT PET analysis of 8
HNSCC patients at baseline and after 5 days of chemoradiotherapy [132]. Uptake in tumor
and metastatic lymph nodes showed a significant decrease after 5 days of treatment relative
to baseline. 18F-FLT PET response was also noted after induction cetuximab in a pilot study
with 6 patients [133]. An example of reduction of 18F-FLT uptake following cetuximab and
radiotherapy is shown in Fig. 2.

r

?

Figure 2.

F-FLT PET-CT-scans o f a patiënt w ith a CT4N2M0 hypopharyngeal tum or before therapy
(A), after induction cetuxim ab (B), after 1 week of radiotherapy (2 doses o f cetuxim ab, 10 Gy) (C) and
after 3 weeks o f radiotherapy (4 doses of cetuximab, 32 Gy) (D). Note the concurrent reduction in
cervical vertebra m arrow proliferation after start o f radiotherapy.

Troost et al. demonstrated that high proliferative tumor subvolumes, as defined by 1SF-FLT
PET, can provide the basis for an IMRT plan with dose escalation within these regions [131]
(Fig. 3). In this study concerning 10 oropharyngeal carcinoma patients, repeated 1SF-FLT PET
indicated that the highly proliferative volumes (delineated by 80% of SUVmax) displayed
moderately stable spatial similarity between baseline PET and PET after 1 week of
(chemo)radiotherapy, but large interindividual differences occurred. Although SUVmax
decreased significantly between scans as well, which might have influenced the
segmentation method, this indicates that therapy induces spatial instability in proliferative
subvolumes, similar to hypoxic subvolumes.
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Figure 3. Dose escalation to G T V 8o5éi (as delineated using a cutoff of 80% of maximum tu m or uptake
signal in a 1SF-FLT PET-CT scan perform ed before start o f radiotherapy) and G T V 80% 2 (as delineated in
a 18F-FLT PET-CT scan perform ed after 1 week o f radiotherapy) fo r a CT3N0M0 oropharyngeal tum or.
Using IM RT with integrated sim ultaneous boost technique, total dose was 50.3 G y to bilateral
cervical lymph node regions (large planning target volum e, red) and 68 Gy to prim ary tum or (small
planning target volum e, blue); in 34 fractions. G TV 8 o%i (black) and G TV 8 o%2 (green) w ere consecutively
irradiated with 2.3 Gy fo r 10 fractions, resulting in a dose o f 71 Gy in total and a dose o f 74 G y in the
overlapping region. (A and B) Dose distributions fo r first 2 weeks of treatm ent (A) and weeks 3 and 4
(B). (C) Dose distribution fo r rem aining 14 fractions w ithout dose-escalation. (D and E) Dose
distributions of total treatm ent plan in transverse (D) and sagittal (E) planes. Parotid glands are
delineated in sky blue and spinal cord in green.
This Figure was originally published in JN M . Tro ost EG, Bussink J, Hoffmann AL, Boerman OC, Oyen
W J, Kaanders JH. 18F-FLT PET/CT fo r early response m onitoring and dose-escalation in oropharyngeal
tum ors. J Nucl M ed. 2010;51:866-74. © by the Society of Nuclear M edicine and M olecular Imaging,
Inc.

Repeated 18F-FLT PET in HNSCC has been demonstrated to correlate with treatment
outcome [47,134]. In a study of 48 HNSCC patients treated with (chemo)radiotherapy,
Hoeben et al. reported early 1SF-FLT PET response between baseline and after 1 and 3 weeks
of therapy [134]. SUVmax and visually contoured proliferative volumes of the primary tumors
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decreased significantly between consecutive scans, while signai-to-background and 50%-ofmaximum signal segmentation methods failed to delineate plausible proliferative tumor
volumes as the 1SF-FLT tumor uptake signal reduced during therapy. Baseline tumor SUVmax
and visually delineated proliferative volume, as well as their decrease early during therapy,
were prognostic for 3-year locoregional control and disease free survival. Kishino et al.
performed 1SF-FLT PET and 18F-FDG PET scans before therapy, after 4 weeks of radiotherapy
and 5 weeks after completion of therapy in 28 patients [135]. 18F-FLT decreased most
significantly during radiotherapy, with a complete response in 63% of patients compared to
16% on 18F-FDG PET. Patients with residual post-treatment activity on either modality had
significantly worse 3-year local control than patients with a complete response. Specificity
and overall accuracy of 18F-FLT PET were significantly higher than those of 1SF-FDG PET (i.e.
72% and 74% versus 19% and 30% after 40 Gy radiotherapy, respectively, p<0.0001; and
80% and 81% versus 48% and 57% 5 weeks after radiotherapy, respectively, p<0.01). In a
follow-up report, no clinical recurrences were diagnosed in patients showing a primary
tumor SUV ratio <1.5 for the mid-treatment versus post-treatment scan, while no such
correlation was found for 18F-FDG PET [136].
The high specificity of 18F-FLT PET, not influenced by inflammatory processes in the primary
tumor like 1SF-FDG, and its ability to characterize proliferation before and early during
therapy, make it an attractive tracer in the development of individualized HNSCC patiënt
management. It could help clinical judgments concerning the addition of systemic therapy or
targeted agents to radiotherapy or concerning the application of accelerated radiotherapy.
However, more detailed fundamental knowledge on 18F-FLT uptake in different tumor types
is needed; for example the extent to which tumors depend on a de novo thymidine synthesis
pathway as opposed to on a thymidine salvage pathway influences the degree in which 1SFFLT uptake represents actual proliferative activity [137]. More information regarding the
extent of region fluctuation of proliferation during therapy, as described by Troost et al.
[131], is of essence if 1SF-FLT PET were to be used for (adaptive) boost localization.
Furthermore, the prognostic and predictive value in different studies has not been
translated into applicable quantifiers to be used for treatment allocation or patiënt risk
group stratification in prospective studies.
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Conclusions and future perspectives
The material presented in this review exemplifies a large basis for the implementation of
molecular PET imaging in the management of HNSCC patients. However, this basis is multifaceted and reliant on numerous heterogeneous small studies reporting on a range of
tracers that are diversely applied, with varying analytic methodology for divergent research
questions. PET tracers imaging distinct biological tumor characteristics offer specific
possibilities for individualized therapy. Dirix et al. even reported the added value of
combining 18F-FDG PET, 18F-FMISO PET, diffusion weighted MRI and dynamic contrastenhanced MRI before and during chemoradiotherapy for radiotherapy planning, early
response assessment and prognosis prediction in 15 patients [138]. However, it is hardly
feasible to perform Standard multiple molecular / functional imaging modalities alongside
the routine imaging modalities in HNSCC patients. A priori research questions should be
clearly formulated and HNSCC patiënt care should be centralized to prevent an inexorable
expansion of diagnostic and therapeutic procedures that do not adhere to evidence-based
protocols.
Before implementation of molecular PET imaging in the clinical practice, several issues need
to be addressed. The procedures for acquiring and processing PET have to be standardized
before insertion into radiotherapy protocols [139], If repeated imaging before and during
therapy is warranted, efforts should be taken to assure patiënt comfort and reproducibility.
Random set-up errors in patiënt or tumor position should be kept to a minimum [140],
Additionally, there is the issue of image resolution; a PET voxel size of approximately 4x4
mm cannot be optimally matched to the biological processes on a microscopie level [141].
PET spatial resolution is also diminished by the physical characteristics of the positron
emitter, the inherent positron range of selected tracers and by blurring and partial-volume
effects. It may be difficult to distinguish heterogeneous uptake areas within tumors,
certainly if signal-to-background ratios are low. However, any issues regarding spatial
resolution of PET are counterbalanced by the also limited precision for dose calculation and
delivery over a number of radiotherapy fractions. Such matters are certainly critical
obstacles in the dependable implementation of, e.g., precision-based dose-painting by
numbers. Regarding the reliable delineation of target volumes, additional efforts are
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required. There is a definite need for a validated, reliable and robust delineation method
that can be widely applied before and during therapy, applicable to multiple PET systems
and tracers. A strong collaboration of radiotherapy and nuclear medicine departments in
broader settings can achieve the common goal of finding an optimal method in shared large,
high-quality validation sets as suggested by Lee [59].
Implementation of PET for tailoring of radiotherapy-based treatment and ultimately for
improving HNSCC patients' outcome will be feasible in the future, but significant hurdles
remain to be taken.
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Abstract
Background. Quantification of molecular cell processes is important for prognostication and
treatment individualization of head and neck cancer (HNC). However, individual tumor
comparison can show discord in upregulation similarities when analyzing multiple biological
mechanisms. Elaborate tumor characterization, integrating multiple pathways reflecting
intrinsic and microenvironmental properties, may be beneficial to group most uniform
tumors for treatment modification schemes. The goal of this study was to systematically
analyze if immunohistochemical (IHC) assessment of molecular markers, involved in
treatment resistance, and 1SF-FDG PET parameters could accurately distinguish separate
HNC tumors.
Materials and methods. Several imaging parameters and texture features for 18F-FDG smallanimal PET and immunohistochemical markers related to metabolism, hypoxia, proliferation
and tumor blood perfusion were assessed within groups of BALB/c nu/nu mice xenografted
with 14 human HNC models. Classification methods were used to predict tumor line based
on sets of parameters.
Results. We found that 18F-FDG PET could not differentiate between the tumor lines. On the
contrary, combined IHC parameters could accurately allocate individual tumors to the
correct model. From 9 analyzed IHC parameters, a cluster of 6 random parameters already
classified 70.3% correctly. Combining all PET/IHC characteristics resulted in the highest
tumor line classification accuracy (81.0%; cross validation 82.0%), which was just 2.2% higher
(p=5.2xl0'32) than the performance of the IHC parameter/feature based model.
Condusions. With a select set of IHC markers representing cellular processes of metabolism,
proliferation, hypoxia and perfusion, one can reliably distinguish between HNC tumor lines.
Addition of 18F-FDG PET improves classification accuracy of IHC to a significant yet minor
degree. These results may form a basis for development of tumor characterization models
for treatment allocation purposes.
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Introductoon
In the past decades, radiotherapy has become a preferred treatment modality for advanced
head and neck cancer (HNC). To increase treatment outcome, radiotherapy is given in
accelerated schedules and is often combined with chemotherapy and/or biologically
targeted therapies [1]. HNC require a more extensive characterization than is currently
performed, in order to enhance clinical prognosis estimation, to enable therapy response
prediction and to give direction to tailored therapy selection from the different therapy
modalities available to patients. Molecular and biological tumor characteristics, such as
proliferation rate and extent of hypoxia which are known radiation-resistance mechanisms
in HNC [2], can be analyzed [e.g. with immunohistochemistry (IHC)] next to the
histopathological and anatomical tumor traits that are commonly used for therapy allocation
[3]. In studies, tumors are often assessed regarding only one or a few specified biologie
markers, such as hypoxia, proliferation or a certain biologie target, and based on this limited
information assigned to a particular phenotype [4]. The next step to predict intrinsic tumor
behavior, such as metastatic potential or probable therapy-response, would be to combine a
group of biomarkers involved in multiple cellular pathways [5]. However, the optimal
combination and amount of markers for various predictive assays in radiation oncology is
still unknown [6]. Furthermore, even if tumors are categorized to a similar phenotype based
on one characteristic, they can display discordances regarding other cellular mechanisms.
For instance, equally hypoxic HNC tumors can show discrepant proliferation rates [7,8]. This
may even apply for different regions within one tumor [9], The tumor microenvironment
plays an important role in the activation of cellular mechanisms [10]. Characterization of
HNC, incorporating several aspects of phenotype markers representing multiple pathways
influenced by intrinsic and extrinsic factors, might help pave the way for accurate distinction
of individual tumors from other tumors of the same origin. A set of adequately selected
parameters based on biological processes may deliver accurate all-round tumor classification
for grouping of uniform tumors for treatment allocation, prediction of treatment response
or distinction of patiënt groups with a different prognosis.
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Development of such a set of parameters would best be performed in a patiënt cohort,
taking multiple biopsies per tumor, since a single biopsy will not represent marker
expression of entire tumors [11]. However, taking additional biopsies for study-purposes is
often impossible to achieve. We established 14 HNC xenograft models originating from
human head and neck carcinomas, with stability across several passages [12-14],
Nevertheless, biological marker expression within one tumor model displays variation after
transplantation of xenograft tumors in different animals, under the influence of external and
microenvironmental factors. Using .these models, we can evaluate and characterize
heterogeneous head and neck tumors as it were of multiple biopsies from 14 different
patients. Establishment of a direction to the appropriate size of a classification parameterset in such tumor models may be extrapolated to the clinical situation.
The availability of non-invasive functional imaging modalities broadens the range of
possibilities for quantification of HNC biological traits [15,16]. Positron emission tomography
(PET) with the glucose analogue 2-[18F] fluoro-2-deoxy-D-glucose (18F-FDG) is a powerful
molecular imaging method exploiting increased metabolic activity of cancer cells [17].
Research is still focused on identifying the multifactorial molecular mechanisms underlying
the cancer cells' altered glucose metabolism [18]. Nonetheless, qualitative 1SF-FDG PET is
increasingly implemented before, during and after radiotherapy for HNC [19]. Quantification
of differences in 18F-FDG tumor uptake may supplement IHC tumor characterization. In this
study, we systematically analyzed an array of tumor parameters, to investigate if parameters
derived from the imaging modalities 18F-FDG PET and IHC, singularly or in combination, could
reliably distinguish different human HNC xenograft models from one another. The IHC
markers were selected based on their association with 18F-FDG accumulation and
relationship, on a molecular basis, with tumor cell metabolism, and radiotherapy resistance
mechanisms proliferation and hypoxia [20].

Materials and methods
Xenograft tumor models
Ninety-eight female BALB/c nu/nu mice (Central Animal Laboratory Radboud University
Medical Center) were xenografted with MEC82 (mucoepidermoid carcinoma), SCCNij or
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FaDu (squamous cell carcinomas) head and neck primary tumors. All linés but FaDu were
derived from patiënt biopsies in the Radboud University Medical Center. Additionally, we
created a xenograft model from the FaDu cell line [21,22]. SCCNij model-numbers were: 3,
59, 68, 86, 153, 154, 167, 172, 185, 196, 202 and 240. The origin of the tumor lines is
described

in

Supplementary Table

S l.

Two-mm3 tumor

pieces were

implanted

subcutaneously in the right flank in 6-8 weeks old mice. Experiments started at an average
tumor diameter of 6-8 mm. Ninety-two animals were scanned per protocol; 5 mice per
tumor model were used for IHC. Animals were kept in a specific-pathogen-free unit and
protocols and institutional guidelines for the proper humane care and use of animals in
research were followed. The Animal Welfare Committee of the Radboud University Medical
Center approved all experiments.

Small-anima! PET imaging and biodistribution
Mice were fasted for 6 h and were subsequently anesthetized using isoflurane/compressed
air before 18F-FDG injection until the end of the experiment. Before and during scans, body
temperature was kept within normal range using heated pads and heating lamps [23]. At 45
min before imaging, mice were injected intravenously (i.v.) through a tail vein catheter with
0.2 mL / 10.2 ± 0.8 MBq 18F-fluoro-2-deoxyglucose (1SF-FDG; Department of Nuclear
Medicine and PET research, VU University Medical Center, Amsterdam, the Netherlands)
followed by 0.1 mL saline to propel 18F-FDG residue from the catheter. Specific activity was >
1 GBq/nmol and radiochemical purity was always > 97% (end of synthesis). Syringes were
measured in a dose calibrator before and after injection. Before imaging, bladders were
largely emptied by gentle external pressure. Animals were imaged in pairs using an Inveon
small-animal PET scanner (Siemens Preclinical Solutions, Knoxville, TN). Tumors were
positioned in the center of the field of view. A 15-min emission scan was acquired followed
by a 400-sec transmission scan, using the built-in 57Co source (energy window 120-125 keV)
for attenuation correction. For assessment of tumor micro-environmental characteristics,
mice were injected intra-peritoneally (i.p.) with 80 mg/kg hypoxia-marker pimonidazole
hydrochloride (PIMO; l-[(2-hydroxy-3-piperidinyl)propyl]-2-nitroimidazole hydrochloride;
Hypoxyprobe-1, NPI Inc., Belmont, MA) at 60 min before sacrifice and with 50 mg/kg S-phase
marker bromodeoxyuridine (BrdU; Sigma, Zwijndrecht, The Netherlands) just before
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imaging. The perfusion marker Hoechst 33342 (15 mg/kg, Sigma) was injected i.v. 1 min prior
to sacrificing the animals through cervical dislocation.
Tumors and normal tissues were harvested, weighed, and counted in a gamma well counter
(1480 Wallac Wizard 3", PerkinElmer Life Sciences, Boston, MA). Tumors were cut; one half
of the tumor was immediately snap-frozen in liquid nitrogen for IHC. Radioactivity uptake in
the other half of the tumor and in normal tissues was calculated as percentage of the
injected dose per gram of tissue (%ID/g) (Supplementary Figure 1). For radioactive decay
correction, injection standards were counted simultaneously.

PET image analysis
List mode data were acquired using the default energy and coincidence timing. Data were
reconstructed using 3-dimensional ordered subset expectation maximization (OSEM3D, 2
iterations) followed by maximum a posteriori (MAP, 18 iterations, 15=0.05) reconstruction
optimized for uniform resolution (Siemens Inveon Acquisition Workplace, version 1.5,
Siemens Preclinical Solutions) [24]. Transaxial pixel size was 0.43 mm, plane separation 0.8
mm, and the image matrix 256x256x159 [25]. PET images were analyzed using Siemens
Inveon Research Workplace software. Quantification of tracer uptake in volumes of interest
(VOIs) drawn around tumor and hind leg muscles on the attenuation corrected images was
obtained by calculating the maximum (SUVmax) and mean standardized uptake values
(SUVmean). SUV was calculated as a ratio of voxel radioactivity concentration and injected
activity (both decay-corrected towards start of scan) divided by body weight. SUVmean for
tumors was taken from a PET tumor VOI created using automatic delineation with a fixed
40% SUVmax threshold [26,27]. Uptake was further quantified as the ratio of mean tumor to
mean muscle uptake (T/M).

IHC staining
Frozen tumors were sectioned using a cryostat microtome. Consecutive central 5 (im thick
tumor sections were mounted on poly-L-lysine coated slides and stored at -80 °C until
staining. Slides were scanned for vessel perfusion based on the fluorescent Hoechst 33342
signal before staining for carbonic anhydrase-9 [CA9; primary antibody (PA) biotinylated
rabbit anti-CA9 (Novus Biologicals, Littleton, CO)], BrdU [PA sheep anti-BrdU (GeneTex Inc.,

San Antonio, TX)], PIMO [PA rabbit anti-pimonidazole (J Raleigh, University of North
Carolina)], monocarboxylate transporter-4 [MCT4; PA rabbit anti-MCT4 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA)], glucose transporter-1 [GLUT1; PA rabbit anti-glutl
(Neomarkers Inc, Fremont, CA)), epidermal growth factor receptor (EGFR; PA goat anti-EGFR
sc-03 antibody (Santa Cruz)], phosphorylated protein kinase B [pAKT; PA rabbit anti-pAKT
(Santa Cruz)], and blood vessels [PA 9F1 (rat monoclonal against mouse endothelium.
Radboud University Medical Center)]. Specific staining protocols are described in the
Supplementary File.

IHC image acquisition and analysis
Tumor sections were analyzed using a digital image analysis system as described previously
[28]. After scanning stained whole tissue sections, gray scale images (pixel size 2.59x2.59
lim, dynamic range 4095 gray values) were obtained and subsequently converted into binary
images. Thresholds for segmentation of the fluorescent signals were interactively set above
the background staining for each IHC image. Binary images were used to calculate fractions
of tumor area positive for CA9, EGFR, MCT4, pAKT, GLUT1 and PIMO relative to the total
viable tumor area. BrdU labeling index (LI) was determined as the number of positively
stained nuclei relative to the total number of nuclei in the tumor area. Vascular density (VD;
number of vascular structures per mm2) and perfused vessel fraction (PF) were established.
These were the "IHC parameters" analyzed for combined classification accuracy. Areas of
necrosis, determined using Hematoxylin and Eosin (HE) stained consecutive tumor sections,
were excluded from analysis.

Global texture analysis
IHC images were first linearly rescaled by means of their determined signal threshold, which
was also used for segmentation of the fluorescent signal, in order to make image intensities
comparable between IHC images of the same marker type. Global textural features
comprised the mean (only for IHC), skewness and entropy (i.e. Shannon's entropy,
representative for global uptake heterogeneity) of the distribution of intensity values within
the tumor VOI for PET and within the positively stained tumor area for IHC. In order to
compute entropy, images were first discretized into equally spaced bins. For PET images we
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applied a bin-width of 0.5 units SUV and the bin-width for discretizing IHC images was set at
25 units. This discretization step not only reduces image noise, but also normalizes
intensities across all subjects, which in turn allows for a direct comparison of entropy values
between mice. Entropy was then calculated as:
N,

entropy =

—^

P(i) log2 P(£)

i= 1

Where P defines the first order histogram and P(i) the fraction of voxels with intensity level /.

N, is the number of discrete intensity levels. Developing global texture feature values was
possible for most IHC markers, but not when a particular staining followed a thin ribbon-like
pattern throughout tumor sections, which was the case for PF and vessels.

Statistical methods
All analyses and plotting were performed in R statistical environment (v2.15.2) unless stated
otherwise. The packages el071 (vl.6), lattice (v0.20-13), latticeExtra (v0.6-24), hexbin
(vl.26.0) and cluster (vl.14.3) were used for data processing and graphical representation.

Intra- versus inter-tumor line variability
A variance component analysis for all PET and IHC parameters was performed. For each
parameter a linear mixed-effects model was fit with tumor line as random effect with the
nlme package (v3.1-106). This produces the variance within (intra) a tumor line, the variance
between (inter) tumor lines and the total (intra + inter) variance. The ratio intra/inter was
calculated and used as a measure of intra-tumor line heterogeneity, as done previously [29].

Tumor line prediction
To assess whether (combinations of) PET and IHC parameters could distinguish tumor lines
we created Random Forest models based on these parameters to predict tumor lines. A
Random Forest is an ensemble classifier generated by growing a 'forest' of decision trees,
where each tree is trained with a different bootstrap subset of tumors and parameters.
Approximately a third of the samples are omitted from each tree, creating out-of-bag (OOB)
data that is subsequently used to measure classifier performance [30]. For each model a
Random Forest consisting of 20,000 trees (with the default number of variables randomly
sampled at each split) was buiit using the randomForest package (v4.6-7). Performance of
these predictors was assessed with the OOB error estimate and via cross validation. For
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cross validation the data were randomly split in training (75% of samples) and test (25% of
samples) data. A Random Forest was built in the training set and evaluated in the test set as
measured by the percentage of samples correctly classified. This was repeated 1000 times.
Cross validation training and test sets were the same for all evaluated models, which
allowed for a direct comparison between models. These analyses focused on the 72 tumors
with full IHC profiling. For a few samples in this subgroup PET data (4 tumors), MCT4 data (5
tumors) and Brdll data (3 tumors) were not assessable, and median imputation was applied
to fill in these missing data (el071 package vl.6 ). Accuracy distributions between models
were compared by a paired t-test.

Resullts
Small-animal 18F-FDG PET imaging and IHC
For 14 different primary head and neck carcinoma xenograft models, 18F-FDG imaging and
biodistribution was performed in 92 animals, and 72 tumors were extensively analyzed for
IHC markers. An example of a PET image of a mouse with the tumor in the right flank is
shown in Fig. IA . Staining parameters from IHC analysis are presented per tumor line in
Supplementary Table S2.

Tumor classification using PET parameters
First, we focused on the accuracy of the PET quantification parameters SUVmax, SUVmean and
T/M to allocate individual tumors to their appropriate tumor line. For each PET parameter
the intra-tumor line variance was calculated as a fraction of the total variance; e.g. a small
fraction is a measure for low intra-tumor line heterogeneity (Table 1) [29].
To assess whether PET parameters were distinct per tumor line, each parameter was ranked
from low to high prior to unsupervised clustering. As Fig. 1B shows, no clear clustering of the
different tumor lines is observed using SUVmax, SUVmean and T/M, although SUVmax and
SUVmean are tightly correlated (Fig. IC).
Next, a Random Forest was built based on the PET parameters to test their combined ability
to predict the various tumor lines. The Random Forest classified samples with a 78.9% error
rate, which was confirmed in cross validation: only 19.0% ± 8.0% (mean ± Standard deviation
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SD) of samples in the test set were correctly classified (Table 2). Overall, routinely used 18FFDG PET parameters were not able to distinguish a specific tumor line from the other HNC
lines.
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Figure 1. Classification of 14 HNC lines using 1SF-FDG PET quantification parameters SUVmax, SUVmean
and Tum or-to-M uscle ratio (T/M) and correlation with established PET global texture features. (A)
1SF-FDG PET image of a mouse with a head and neck xenograft tum or in the right flank (arrow). (B)
Heatmap of the PET parameters showing no dear clustering per tum or line. Each parameter was
ranked from low (white) to high (black) for analysis. Tum or lines are indicated by their respective
numbers. (C) Correlation heatmap of the PET parameters and PET features.
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Table 1. Intra-tum or line heterogeneity:
PET and IHC parameters and features
within line variance
Texture
Parameter
Feature
total variance
1SF-FDG PET SUVmax
0.41

“ F-FDG PET SUVmean
“ f - f d g PETT/M
“ F-FDG PET
Entropy

Vascular Density

0.33
0.70
0.39
0.58
0.77
0.77
0.80
0.82
0.78
0.52
0.58
0.63
0.34
0.31
0.36
0.47
0.29
0.15
0 16
0.67
0.12
0.23
0.20
0.48
0.08
0.24
0.28
0.71
0.47
0.92
0.83
0.92
0.40

Perfusion fraction

0.55

Skewness
PIM O
Mean
Entropy
Skewness
BrdU
Mean
Entropy
Skewness
pAKT
Mean
Entropy
Skewness

EGFR
Mean
Entropy
Skewness
MCT4
Mean
Entropy
Skewness
CA9
Mean
Entropy
Skewness

GLUT1
Mean
Entropy
Skewness
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T a b le 2. Random Forest d assifier perform ance

PET

IHC

PET + IHC

M odel

Accuracy
overall model

Accu ra cy cross validation
test set (mean ± SD)

Parameters

211%

19.0 ± 8.0%

+ features

26.7%

23.1 ±8.8%

Parameters

76.9%

74.9 ± 10.9%

+ features

83.9%

79.8 ±10.2%

Parameters

83.6%

76.4 ± 11.0%

+ features

81.0%

82.0 ± 10.6%

Tumor classification using PET parameters and PET features
For further analysis of the discriminatory ability of PET, global texture features derived from
the individual PET images were added to the model. Although addition of the PET texture
features entropy and skewness resulted in a slightly better classification accuracy (26.7%,
cross validation accuracy: 23.1% ± 8.8%), these combined parameters still could not
differentiate between tumor lines. The intra-tumor line heterogeneities of the PET features
were in the same range as those of the PET parameters (Table 1).

Tumor classification using IHC parameters
As for PET parameters, IHC staining parameters were first examined for their combined
classification accuracy of the 14 tumor lines. IHC staining fractions for CA9, EGFR, MCT4,
pAKT, GLUT1 and PIMO, as well as the BrdU LI, VD and PF of the microscopy-imaged tumor
sections were analyzed (Fig. 2A-C). Intra-tumor line heterogeneity was calculated for each
IHC parameter. Notably, exogenous marker expression (PIMO, BrdU and PF) showed overall
higher intra-tumor line variation than expression of the endogenous markers (Table 1, Fig.
2B-C). As is shown in Fig. 2D, unsupervised clustering of the IHC parameters resulted in a
reasonable separation of the different tumor models.
To investigate whether the combination of IHC parameters could distinguish tumor lines, a
Random Forest was built to predict the tumor line from the IHC data. Classification
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performance of the Random Forest was high (accuracy 76.9% as calculated from the OOB
error estimate). This was confirmed in cross validation analysis, where in the test sets 74.9%
± 10.9% of the samples were classified correctly. Since each tree in Random Forest is trained
on a bootstrap subset of the parameters, these can be used to estimate the importance of a
parameter by calculating the decrease in classification accuracy when the parameter is
omitted from a model (Fig. 2E). Parameters with smaller intra-tumor line heterogeneity had
a bigger effect on accuracy; these were in effect the endogenous markers. Next, we explored
the influence of number of IHC parameters on classification accuracy. All possible
combinations for 1 up to 8 IHC parameters were used to build a Random Forest.
Classification accuracy increased significantly with the number of combined IHC parameters
up to 7, and a random combination of 6 parameters already showed a classification accuracy
of 70.3% ± 11.4% (Fig. 2F).

Tumor classification using IHC features and IHC parameters
IHC global texture features were analyzed combined with IHC parameters. IHC texture
features provided more information on marker distribution profiles and complemented IHC
quantification values. Intra-line heterogeneity for each IHC feature is given in Table 1 and
was higher for exogenous markers than endogenous markers similar to their associated IHC
parameters, except for GLUT1; GLUT1 features showed greater heterogeneity than the IHC
staining fraction. The addition of IHC texture features resulted in a better classification
accuracy (83.9%) than using the IHC parameters alone (i.e. 76.9%)(Fig. 3A). In cross
validation 79.8% (± 10.2%) of the individual tumors were correctly classified. The Random
Forest including both IHC parameters and IHC features performed significantly better than
the Random Forest based on IHC parameters alone (Fig. 3A, mean accuracy difference: 4.9%,
95% confidence interval [Cl]: 4.2%-5.5%, p=3.1xl0'47, paired t-test). Furthermore, we
analyzed correlations between IHC parameters and their texture features. With the
exception of pAKT, the texture features mean and entropy correlated well with the
associated IHC parameter (Fig. 3B). The feature skewness displayed an overall negative
correlation with the other IHC features and IHC parameters.

67

'

•*'

\ ♦>

i
4 /'

\.'v ’

T»

-''•vli»

;}

1

T
i
i

T

0.4

PIMO

#

t

?

1----------- f-----------

l V

0.6

at

r !i
l+TI

[»!” ;
0.0

\
u

7}' Asi <tè-

Tumor Une

Tumor Une

Imm

rklir^W ïh
Tumor Une
FaDu

r=

i—

154
167
185
f96
202
240
3
59
6B
82
186

X^CfiW

rT^?n

G LUT
EG FR
pAKT
BrdU LI
PF
PIMO
CA9
M C T4
VD

T
fi

IHC parameters

Figure 2 (legend on next page).

68

i
1- >
;!
l!
2

3

*
T

i

*5

4

J.L
5

I,

_|_

MRHHHHH

;

r L.
i! |
\ i
| |
l j
[*) K flP | j
ih K w i j
i ; i i !! )<
i
i !
1 1
i (
II i
*
T

i

*
!

6

ff of IHC parameters

7

j

!

Figure 2. Classification of 14 HNC lines using immunohistochemistry (IHC) marker parameters. (A)
Representative example of a combined IHC marker staining for PIMO (green), CA9 (red) and vessel
(blue) staining. (B+C) Expression of an endogenous hypoxia marker (CA9) and an exogenous hypoxia
marker (PIMO) in the different tumor lines (mean ± SD). (D) Clustered heatmap of the IHC
parameters with overall good clustering of the different tum or lines. Tum or lines are indicated by
their respective numbers. (E) Graph displaying an estimate of the decrease in Random Forest
classification accuracy when omitting the respective parameter. (F) Random Forest classification
accuracy as a function o f the (randomly combined) number of IHC parameters. * = significantly
different from previous number of parameters (t-test).
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Figure 3. Classification model accuracy comparison and correlation between IHC parameters and
their associated texture features. (A) Distribution of the difference in Random Forest classification
accuracy of the model based on IHC parameters alone and the model based on IHC parameters
combined with IHC features (feat. = features). (B) Correlation heatmap of the IHC parameters and the
IHC features.

Combination o f PET and IHC parameters
Next, we investigated whether combining PET and IHC parameter data would result in better
sample classification. Performance of the PET and IHC parameter based Random Forest was
slightly better compared with the Random Forest based on IHC parameters alone (accuracy
83.6%; cross validation accuracy 76.4% ± 11.0%). The cross validation data was used to
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directly compare the Random Forests based on 1) PET parameters alone, 2) IHC parameters
alone and 3) the combination of PET and IHC parameters with each other (Fig. 4). Both the
IHC based model and the combined model performed significantly better than the PET based
model. Further, although the difference between the IHC based and the combined model
was significant, this difference was small (mean difference: 1.4%, 95% Cl: 0.9%-2.0%,
p=7.0xl0'8, paired t-test).

-so

AAccuracy [%]

AAccuracy [%]

o

50

100
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Figure 4. Classification model accuracy comparison. Distributions of the difference in Random Forest
classification accuracy of models based on PET parameters versus models based on the IHC
parameters (A), models based on PET parameters versus models based on both PET and IHC
parameters (B) and models based on IHC parameters versus models based on both PET and IHC
parameters (C).

PET and IHC parameters combined with PET and IHC texture features
All texture features were added to the IHC and PET parameters to investigate whether this
would further improve tumor line characterization. A Random Forest was built with these
data, which resulted in an accuracy of 81.0%. In cross validation analysis, 82.0% ± 10.6% of
the samples were classified correctly. The Random Forest for all data combined resulted in
the highest classification accuracy.
The cross validation results generated for this model were compared to data from the
Random Forests based on 1) IHC and PET parameters and 2) IHC parameters and IHC
features (Fig. 5). Overall the model combining all parameters performed best, however
differences with the IHC parameters plus IHC features based model were small (mean
difference 2.2%, 95% Cl: 1.8%-2,5%, p=5.2xl0'32, paired t-test).

70

-100

AAccuracy [% ]

-50

0

50

100

AAccuracy [% ]

Figure 5. Classification model accuracy comparison. Distributions of the difference in Random Forest
classification accuracy of models based on both IHC and PET parameters versus models based on all
variables (IHC / PET parameters and features) (A) and models based on IHC parameters and IHC
features versus models based on all variables (B).

Discussion
The goal of the study was to investigate if parameters derived from 18F-FDG PET imaging and
IHC, singularly or in combination, could reliably distinguish different human HNC xenograft
models from one another. Eventually, this could give direction to classification methods for
clustering of tumors that are most alike regarding multiple characteristics in clinical studies,
e.g. for treatment prediction and prognostication purposes or for individualized treatment
selection. IHC markers were selected for relevance in metabolic cell processes and known
therapy resistance mechanisms [2], as well as for (in)direct links to 18F-FDG tumor uptake in
the literature [31-35]. Using a systematic analysis method, the presented results show that a
finite set of IHC staining parameters, quantifying several relevant molecular cell processes,
can accurately allocate a specific tumor to the appropriate tumor line within a cluster of 14
HNC lines. Adding more staining markers increases accuracy, but at a certain point this effect
levels off. A specifying accuracy of at least 70% can be achieved with a random set of 6 of
these IHC markers.
18F-FDG PET could not differentiate between the HNC lines in this study. Furthermore,
quantification parameters (SUV, T/M) and selected 18F-FDG PET texture features did not
provide additional value to classification accuracy by IHC alone. It may be unlikely that 18F-
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FDG PET derived parameters can reliably categorize combined differences in biological
characteristics between head and neck tumors. Absolute SUVs were relatively low in this
study, as is inherent to the mouse model, and were in line with other preclinical HNC studies
[36,37], but lower than the typical SUVs that are detected in clinical HNC [38]. This is
inherent to the mouse model used for PET imaging in this study. Although differences were
seen between HNC lines, most of the observed variance could be attributed to intra-tumor
line differences.
Relative SUV and T/M differences between the tumor lines were discernable but of no
discriminatory avail. Uptake of 18F-FDG has been assessed for correlation with several
biological markers in tumors, such as GLUT1, glycolysis- and hypoxia-related markers
[31,32,39], proliferation [33,39,40], EGFR [34] and AKT [35], with conflicting results. Overall,
18F-FDG uptake in malignancies reflects multifactorial mechanisms of increased metabolic
activity and glucose utilization, performed by glucose transporters and enzymes in the
glycolytic pathway, which in turn are regulated through different signaling pathways
triggered by endogenous and exogenous stimulators. Aims to attribute 18F-FDG uptake to
expression of one specific protein or therapy resistance mechanism are therefore debatable.
Quantitative texture feature analysis has been introduced in radiodiagnostic imaging as a
means to characterize and classify tumors using their signal intensity distribution [41,42],
and studies described the use of texture features as potential prognostic or predictive tools
[43,44]. Textural feature analysis can be applied in numerous imaging modalities where
lesion configuration plays a discriminating role for stratification [45], e.g. contact
dermoscopy images [46] or microscopy images [47,48]. For this study we focused on a
limited set of global features that would give relevant insight in signal distribution next to
quantification parameters such as IHC staining fraction or PET SUV, including entropy and
skewness for IHC and PET images, with the additional feature "mean" (pixel gray value) for
IHC images. IHC texture features combined with IHC parameters conveyed optimal
characterization

accuracy.

However, addition

of 21 feature values improved the

classification accuracy of the combined 9 IHC parameters (which was already 74.9%) by only
4.9%.
Umitation of the study is the use of relatively small xenograft tumors as opposed to multiple
biopsies from larger HN tumors. However, this setup provides the possibility to study
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multiple parameters in entire tumor sections, which is difficult to achieve on a large scale in
a patiënt setting. In clinical studies, sampling errors by extraction of a single biopsy forms a
general pitfall when assessing biological markers with a heterogeneous tumor distribution.
A t least 4-5 central core biopsies are needed to minimize effects of IHC staining
heterogeneity within tumor sections [11,49]. In entire tumors, an even greater spatial
heterogeneity in IHC characteristics is likely to occur. lakovlev et al. demonstrated that, for
CA9 quantification in multiple cervical tumor biopsies per patiënt, the highest variation was
inter-tumor, followed by intra-tumor and intra-tumor section variation. The greatest
reduction in assessment-error could be achieved by increasing the number of biopsies
spaced well apart rather than increasing the number of stained sections per biopsy [11].
We analyzed multiple tumors per xenograft model, which have the same genetic
background and are grown to a similar size under similar circumstances in mice from the
same strain. Even these tumors, that may represent a basic approach to multiple biopsies
from heterogeneous tumors in different patients, exhibited variable characteristics during
growth, affected by microenvironmental and external factors [50,51]. Intra-tumor line
variation for the administered exogenous markers was overall larger than for endogenous
markers. Tumor uptake of exogenous markers is influenced by dosage and administration,
circulation and body clearance properties, tumor vascular density and perfusion, diffusion,
binding

and washout

kinetics et

cetera.

In the clinical situation,

external

and

microenvironmental influences may result in even larger intra-tumor and inter-tumor
variation of molecular marker expression in HNC.
Results from the study can be extrapolated to other tumor types in the sense that, when the
aim is to allocate or adapt individually tailored treatment, a selection of parameters provides
the potential for precise tumor characterization and stratification. Depending on the
treatment options at hand, individual tumor profiles or grouping of most uniform tumors
can be established with the help of a distinct panel of IHC markers. This precludes analyzing
an extensive number of classification parameters, but care should be taken that the number
of chosen characterizing parameters is not too small either. In this study, we found relatively
low accuracies when less than 6 IHC parameters were combined for classification. Instead of
administering exogenous IHC markers, molecular PET tracers with a more defined imaging
spectrum than 18F-FDG, such as tracers for hypoxia or proliferation rate [52], can potentially
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complement IHC analyses by visualizing the entire tumor for presence of certain tumor
mechanisms relevant for treatment.

Conclusion
In this study, we used a systematic analysis to demonstrate that features of different
quantifying methods characterize head and neck tumor lines effectively and complement
each other. Multiple IHC and 18F-FDG PET parameters and texture features categorized
individual tumors as adequate as possible. However, a select set of IHC marker parameters
representing tumor metabolism, proliferation, hypoxia and blood perfusion could already
allocate individual tumors to the appropriate HNC line, in an array of 14 HNC lines, with high
reliability. Selected IHC texture features complemented IHC parameters for optimal
characterization accuracy. 18F-FDG PET parameters and texture features were of minor
additional value to the classification accuracy of IHC parameters alone. 18F-FDG as a marker
may be too multifactorial influenced to distinguish microenvironmental or molecular
differences between HNC lines.
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Supplementary File
Immunohistochemistry staining
Five frozen tumors per tumor line were sectioned using a cryostat microtome. Consecutive
central 5 nm thick tumor sections were mounted on poly-L-lysine coated slides and stored at
-80 9C until staining. Slides were scanned for the fluorescent Hoechst 33342 signal before
staining for CA9, BrdU, PIMO, MCT4, GLUT1, EGFR, pAKT, blood vessels and vessel perfusion.
Between consecutive steps of the staining process, sections were rinsed 3 times for 5 min in
phosphate buffered saline (PBS) (Klinipath, Duiven, The Netherlands). Primary antibodies
were diluted in primary antibody diluent (PAD; GeneTex Inc., San Antonio, TX, USA),
secondary antibodies in PBS.

CA9: Sections were incubated 30 min at 37 °C with biotinylated rabbit anti-CA9 (Novus
Biologicals, Littleton, CO, USA) diluted 1:500. Then, sections were incubated with mouse
anti-biotinCy3 (Jackson Immunoresearch Laboratories, West Grove, PA, USA) diluted 1:400
(30 min, 37 °C).

PIMO and vessels:

sections were incubated with 9F1 (rat monoclonal against mouse

endothelium, Radboud University Nijmegen Medical Centre) undiluted (45 min, 37 °C). Next,
sections were incubated with rabbit anti-pimonidazole diluted 1:1000 (30 min, 37 °C),
followed by incubation with chicken anti-rat-Alexa647 diluted 1:100 (Molecular Probes,
Leiden, The Netherlands) and donkey anti-rabbit-Alexa488 diluted 1:600 (Molecular Probes)
for 45 min at 37 °C.

EGFR and pAKT: sections were incubated overnight at 4 C with goat anti-EGFR sc-03
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:50 and rabbit anti-pAKT 1:50
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). This was followed by incubated with
donkey anti-goat Cy3 (Jackson Immunoresearch) diluted 1:100 and donkey anti-rabbit
Alexa488 diluted 1:600 for 30 min at 37 °C.

BrdU and nuclei: sections were incubated with 2N HCL for 10 min and with with 0.1 M borax
for 10 min. This was followed by incubation with sheep anti-BrdU diluted (GeneTex) 1:50,
overnight at 4 C. Next, sections were incubated with donkey anti-sheepCy3 (Jackson
Immunoresearch) diluted 1:600 (30 min, 37 °C). Finally, sections were incubated with
Hoechst 1 mg/mL, diluted 1:2000, at RT for 2 min.
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MCT4: sections were incubated overnight at 4 C with rabbit anti-MCT4 antibody (Santa
Cruz) diluted 1:100. This was followed by incubated with goat anti-rabbit Cy3 (Jackson
Immunoresearch) diluted 1:600 (30 min, 37 °C).

GLUT1: sections were incubated overnight at 4 C with rabbit anti-glutl (Neomarkers Inc,
Fremont, CA, USA) diluted 1:100. Next sections were incubated with goat anti-rabbitCy3
diluted 1:600 (30 min, 37 °C).
After the respective staining procedures, sections were mounted in Fluorostab (ICN,
Zoetermeer, The Netherlands).

Table S l. Xenograft origin tumor characteristics
TNM
Grade
HPV
Tumor Line Tumor Location
Classification* Differentiation status
3
1-2
Supraglottic Larynx
T2N2bM0+
Neg
59
Hypopharynx
2
T4N2cM0*
Neg
68
Hypopharynx
Neg
T2N2CM0*
2
82*
Cheek/ Parotid*
T3N0M0*
3
Neg
86
Supraglottic Larynx
3
Neg
T2N2bM0*
153
Supraglottic Larynx
T3N2cM0s
2
Neg
154

167
172

185
196
202
240
FaDu

Hypopharynx
Supraglottic Larynx
Supraglottic Larynx
Supraglottic Larynx

T2N2cM0§

2

T4N2cM0§
T4N0M06
T4N1M05

3
2
2
1
2

Neg
Neg
Neg
Neg

KRAS mutation
status
Neg
Neg
Neg
Neg
Neg
Neg
Neg
Neg
Neg
Neg
Neg

T4N0M05
Hypopharynx
Neg
Supraglottic Larynx
T4N0M05
Neg
Neg
Transglottic Larynx
T3N2cM0§
1
Neg
Neg
Hypopharynx
2
T>2N>2c
Neg
Neg
Parotid = Parotid Gland; HPV = Human Papilloma Virus.
All tumors are squamous cell carcinomas (SCCNij and FaDu), except * = mucoepidermoid
carcinoma (MEC). HPV and KRAS mutation status were analysed in frozen xenograft material (HPV:
SPF LiPA method [1]; KRAS mutation analysis as described by Knijn et al. [2]). Staging acccording to
the f4th, *5th and 56th Edition of the UICC TNM Classification._____________________________________
1.
Kleter B, van Doorn U , Schrauwen L, et al. Development and clinical evaluation of a highly
sensitive PCR-reverse hybridization line probe assay for detection and identification of
anogenital human papillomavirus. J Clin Microbiol. 1999;37:2508-17.
2.
Knijn N, Mekenkamp U, Klomp M, et al. KRAS mutation analysis: a comparison between
primary tumours and matched liver metastases in 305 colorectal cancer patients. Br J
_______ Cancer. 2011;104:1020-6.____________________________________________________________
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Table S2.18F-FDG PET, biodistribution and IHC parameters
Tumor
Model
3

s u v max SUVmean4o% T/M
1.4 +0.3 0 8+0.1

59

1.8 ±0.3 1.1 ±0.2

68

16 ±0 2 10±01

4 3 ±0.7 6.7 ±2.1

82

1.4 +0.2 0.9 ±0.2

3.1+1.0

86

14 ±0 2 0 9 ±01

3 7 ±0 8 6.3 ±1.3 0 01 ±0 01

153

1.1 ±0.1 0.6 ±0.1

2.2 ±1.1

5.1+1.5

0.2 ±0.08

154

0 8 ±0.3 0 5 ±0.1

2 3 ±0.6 3.1 ±0.6

0 4 ±0.06

167

1.2 ±0.2 0.8 ±0.1

3.6 ±0.5

5.8 ±1.3

0.02 ±0.01

172

■
sf
O
+1
O
c-i

ID/g%

3.4 ±1.2

5.0 ±0.5

0.2 ±01

5.2 ±0.4

EGFR

pAKT

PIMO

CAS

MCT4

GLUT1

BrdU LI

PF

3 7 ±0 9 5 3 ±11

0.1 ±0 06

0 06 ±0.05

0 2 ±0.1

0.09 ±0 04

0 4 ±0.07

0.1 ±0.1

0 09 ±0.01

0 4 ±0.2

3.3 ±1.3

0.0005
±0.0003
0003
±0.003
0.4 ±0.2

0.005
±0.004
0.004
±0 003
0.1 ±0.06

0.2 ±0.05

0.002 ±0.005

NA

0.2 ±0.1

0.1 ±0.1

0.8 ±0.08

0 2 ±0.1

0.0003
±0 0004
0.5 ±0.06

0.2 ±0.04

0.03 ±0 01

0 2 ±02

0 7 ±0.1

0.4 ±0.07

0.3 ±0.1

0.2 ±0.04

0.7 ±0.1

0.4 ±0.05

0 3 ±0.03

0.2 ±0,2

0.7 ±0 07

0.3 ±0.1

00002
±0.0002
0.3 ±0.07

0.2 ±0.04

0.3 ±0.1

0.2 ±0.2

0.7 ±0.06

8.3 ±5.8

6.1 ±1.5

0,3 ±0.1

0.2 ±01

0 06 ±0 02

0.1 ±0.07

0.3 ±0.08

0 2 ±01

07+ 02

0.3 ±0.1

0.04 ±0.01

0.3 ±0.09

0.2 ±0.09

0.08 ±0.03

0.6 ±0.2

0,2 ±01

0 0007
±0.0007
0.03 ±0.02

007
±004
0.2 ±0.09

0.2 ±0.07

0.2 ±0.1

0 8 ±0.08

0.3 +0.1

0.09 ±0.05

0.7+0.1

005
±0.06
0.3 +0.2

0 05 ±0 06

0.2 ±0 2

0 4 ±03

0.7 ±01

0.3 ±0.08

0.08
±0.07
0.5 ±0.09

0.5 ±0.05

0.3 ±0.2

0.7 ±0.2

0.1 ±0.1

0 02 ±0.01

0 4 ±0.07

0.5 ±0.03

0 2 ±0 2

0 7 ±01

0.2 ±0.05

0.2 ±0.08

0.7 ±0.05

0.3 ±0.1

0.05 ±0.02

0.3 ±0.2

185

1.2 ±0.2 0.8 ±0.1

3.3 ±0.5

0.09 ±0.06

0.003
+0.001
0.007
±0.003
0.03 ±0.02

196

0 8 ±0 2 0.5 ±01

21 ±0.4 3.1 ±1.7

0 4 ±0 07

0.08 ±0.08

0.7+0 3

202

1.1 ±0.3 0.7 ±0.2

2.7 +1.5

0.3 ±0.03

0.2 ±0.07

240

10 ±0 2 0 6 ±01

2.2 ±0 9 4.5 ±1.3

01 ±0 1

FaDu

1.3 ±0.3 0.8 ±0.2

2.2 ±0.5

0.1 ±0.1

0003
±0 002
0.003
±0.003
0 04 ±0 06

4.6 ±1.1

6.0 ±1.1

0.3 ±0.1

0001
±0.001
0.0006
±0.0004
0.06 ±0.02

0.2 ±0.1

All
12 ±0 3 0.8+0 2
3 0±1 0 5 3 ±2.2 0 2 ±0 2
0 2 ±01
0 1 ±0.2
0 3 ±0 2
0 3 ±01
0 2 ±0 2
0 7 ±0.2
tumors
Data are presented as Mean ± SD. SUV = Standardized Uptake Value; EGFR / pAKT / PIMO / CA9 / MCT4 / GLUT1 = fraction of marker staining in viable tumor
area of tumor section; BrdU LI = BrdU labelling index; PF =fraction of perfusion in tumor vessels; NA = not assessable______________________________________

Biodistribution all mice

Supplementary Figure S l. Biodistribution mean uptake ± SD data of all resected tumors and normal
tissues as measured by gamma well counter. %ID/g = percentage of the injected dose per gram of
tissue. H gland = Harderian gland.
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Abstract
Introduction.

Hypoxic

tumor

cells

are

resistant

to

radiotherapy

and

various

chemotherapeutic agents. The pre-therapeutic assessment of intratumoral hypoxia may
allow selection of patients for intensified treatment regimens. Carbonic anhydrase IX (CAIX)
is an endogenous hypoxia-related protein involved in pH regulation and is upregulated in
many tumor types. Radionuclide imaging using a monoclonal antibody against CAIX, such as
cG250, may allow noninvasive PET imaging of hypoxia in these tumor types. The aims of this
study were to investigate whether 89Zr-labeled cG250-F(ab')2 allowed visualization of tumor
hypoxia using small-animal PET and whether the tracer showed spatial correlation to the
microscopie distribution of CAIX-expressing cells in a human head and neck xenograft tumor
model.
Materials and methods. Athymic mice with subcutaneous human head and neck carcinoma
xenografts (SCCNij3) were imaged with small-animal PET after injection of 89Zr-cG250F(ab')2. PET images were parameterized in terms of standardized uptake values (SUVs). After
injection with the nitroimidazole hypoxia marker pimonidazole and the perfusion marker
Hoechst 33342 the animals were sacrificed, tumors excised, and CAIX- and pimonidazolemarked hypoxia and blood perfusion were analyzed immunohistochemically. 89Zr-cG250F(ab')2 tumor uptake was analyzed by ex vivo activity counting and by autoradiography of
tumor sections.
Results. As early as 4 h after administration, accumulation of 89Zr-cG250-F(ab')2in the tumor
had occurred and tumors were clearly visualized by PET, with reduced uptake by 24 h after
injection. Pixel-by-pixel analysis showed a significant positive spatial correlation between
CAIX expression and 89Zr-cG250-F(ab')2 localization (r=0.57-0.74; p<0.0001). Also, significant
correlations were found between pimonidazole staining intensity and 89Zr-cG250-F(ab')2
activity concentration, although less strong (r=0.46-0.68; p<0.0001). Tumor maximum SUV
correlated significantly with tumor uptake determined ex vivo (r=0.93; p=0.0067), as did
fractions of CAIX and pimonidazole in tumor sections (r=0.75; p=0.03 and r=0.78; p=0.02,
respectively).
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Conclusion. 89Zr-labeled cG250-F(ab')2 small-animal PET showed rapid accumulation in a
head and neck xenograft tumor model with good correlation to CAIX expression on a
microscopic level.
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Introduction
Tumor hypoxia is associated with poor prognosis in many tumor types because of
progression toward a more malignant phenotype, with increased metastatic potential and
increased resistance to treatment [1].
Hypoxia can stabilize and increase the levels of transcription factor hypoxia-inducible factorl a (H IF-la), which has various downstream targets involved in adapting to hypoxia through,
for example, angiogenesis, maintenance of pH balance and anaerobic glycolysis [2]. One of
the downstream targets of H IF -la is carbonic anhydrase IX (CAIX), which plays an important
role in pH homeostasis by catalyzing the reversible hydration of carbon dioxide to carbonic
acid [3,4]. CAIX is involved in maintaining a stable intracellular pH with acidification of the
extracellular microenvironment [5]. Upregulation occurs at p02 levels below 20 mmHg, and
CAIX has been validated as an intrinsic hypoxia-related cell marker [4,6]. CAIX is attractive
for the in vivo assessment of hypoxia, because of its relatively high expression on the cell
surface and, unlike H IF-la, its long half-life in hypoxic tissues [4]. Among normal tissues,
CAIX is restricted to low-level expression in the gastric mucosa, bile ducts, and small
intestine.
Various tools to assess and quantify CAIX expression have been developed, including G250
IgG, a monoclonal antibody against CAIX [7,8], A chimeric version was developed as tumor
marker of clear cell renal cell carcinoma, in which CAIX is upregulated in all cells because of
inactivation of the von Hippel-Lindau tumor suppressor protein [9,10]. Because CAIX
expression in most other tumor types is generally correlated with hypoxia, we hypothesized
that radiolabeled cG250 could be used as a noninvasive imaging tooi to visualize hypoxic
regions in tumors and also to select patients for hypoxia-targeting or -modifying treatment
combined with radiotherapy [11]. Another approach to specifically target hypoxic cells is by
applying intensity modulated radiotherapy (IMRT) with dose escalation to hypoxic tumor
volumes detected by imaging [12].
Antibody fragments tend to show better tumor penetration than intact IgG [13]. An earlier
study with cG250 IgG showed no apparent correlation between m ln-cG250 uptake and
fractions of tumor sections stained with pimonidazole (an exogenous bioreductive hypoxia
marker) or CAIX in head and neck tumor models [14]. Enzymatic degradation of intact IgG
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monoclonal antibodies with pepsin results in formation of F(ab')2 fragments with a smaller
molecular size. Compared with intact IgG, F(ab')2 fragments have a much shorter residence
time in blood and normal tissues [15,16]. In the present study, we assessed 89Zr-cG250F(ab')2 as a PET marker of hypoxia. We investigated the spatial relationship between
intratumoral distribution of 89Zr-labeled cG250-F(ab')2 as determined by autoradiography
and immunohistochemical detection of CAIX and pimonidazole in a head and neck xenograft
tumor model. In this model, we also investigated whether 89Zr-cG250-F(ab')2 accumulation
could be used for the imaging of tumor hypoxia using small-animal PET.

Materials and methods
Xenograft tum or model
Eighteen BALB/c nu/nu mice with subcutaneously (s.c.) xenografted SCCNij3 head and neck
squamous cell carcinomas were used. Eight mice were used to qualitatively determine the
intratumoral distribution of radiolabeled cG250 using autoradiography. In the experiment
with radiolabeled cG250-F(ab')2, 10 mice were used for tumor activity counting ex vivo and 8
of these were used for imaging with small-animal PET, immunohistochemistry and
autoradiography. Viable 2 mm3 tumor pieces were transplanted subcutaneously in the right
hind-leg of 6-8 weeks old mice. Experiments started at an average tumor diameter of 6-8
mm. Animals were kept in a specific pathogen-free unit in accordance with institutional
guidelines. The Animal Welfare Committee of the Radboud University Medical Center
approved all experiments.

cG25Q-FJafa')2fragments
cG250-F(ab')2 fragments (molecular weight

100 kDa) were produced from intact IgG

monoclonal antibodies cG250 (molecular weight

150 kDa) (Wilex AG, Munich, Germany).

In a study by Brouwers et al., the affinity of 12Sl-cG250-F(ab')2 was 2.6xl09 M '1, and the
affinity of parental 12Sl-cG250-lgG was 2.3xl09 M '1 in the same assay [17]. Five milligrams of
cG250 were digested with 0.125 mg of pepsin (Boehringer, Mannheim, Germany) in 0.1 M
citrate buffer, pH 3.8. After 6 h at 37 °C, digestion was stopped by adding 0.25 mL of 1.0 M
Tris. Nondigested IgG was removed by affinity chromatography using an Econo-Pac protein A
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column (Bio-Rad Laboratories, Veenendaal, The Netherlands) with binding buffer (3 M NaCI,
1.5 M Glycin), pH 8.9. The F(ab')2-containing fragments were buffer-changed to NaCI 0.9% by
ultrafiltration using a Centricon YM-10 (Millipore, Bedford, MA, USA) and stored at 4 °C.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis showed no
apparent residual IgG or formation of Fab' fragments during digestion (Fig. 1).

250 kD

4 ^ ^

150 kD
100 kD
75 kD

.

50 kD

37 kD

25 1(0
Figure 1. SDS-PAGE analysis of cG250-lgG (Lane 2) and cG250-F(ab')2 (Lane 3). Lane 1: molecular
weight markers. The cG250 IgG migrated with an expected apparent molecular weight of 180 kDa
[18] and the cG250-F(ab')2 migrated as 2 doublet bands with a molecular weight of 120 kDa and
100 kDa. The preparation did not contain detectable levels of Fab' fragments (M W 50 kDa).

Conjugation, radiolabeling and quality control
The DTPA-cG250-lgG conjugate was radiolabeled with m lndiurn

(l u ln) and injected

intravenously (i.v.) in 8 mice with s.c. SCCNij3 tumors as described previously [14]. For
imaging with cG250-F(ab')2, the radionuclide 89Zr was chosen because of its residualizing
traits and its half-life that matches the in vivo pharmacokinetics of F(ab')2. 89Zr has a 78-h
half-life and emits positrons with a mean energy of 0.4 MeV (yield, 0.23). To allow 89Zr
labeling, cG250-F(ab')2 was conjugated with the chelate desferrioxamine B mesylate (Df)
(Desferal; Novartis, Arnhem, The Netherlands) via an amide linkage. A/-sucDf-cG250-F(ab')2
was labeled as described by Verel et al. [19]. The antibody (2.5 mg) and Nsuccinylferrioxamine tetrafluorphenol (66 nmol; Fe-W-sucDf-TFP; VU University Medical
Center) were conjugated in Na2C03 (pH 9.7) at room temperature (RT) for 30 min. After
conjugation, the reaction mixture was adjusted to pH 4.4 with 0.25 M M2S04, and the iron
was removed from the chelator using an excess of EDTA at 35 °C. After 30 min, the N-sucDf88

cG250-F(ab')2 conjugate was purified using a PD-10 column (GE Healthcare, Diegem,
Belgium) and eluted with 0.9% NaCI/gentisic acid (5 mg/mL, pH 5).
The A/-sucDf-cG250-F(ab')2 (0.5 mg) was radiolabeled with 360 MBq of 89Zr (IBA Molecular,
Louvain-la-Neuve, Belgium) In a total volume of 2 mL. The 89Zr oxalate was adjusted to pH
4.1 using 2 M Na2C03. After 3 min of mixing, the solution was adjusted to pH 6.9 with 0.5 M
HEPES, and /V-sucDf-cG250-F(ab')2 (0.5 mg) was added and incubated for 60 min at 37 °C.
The labeling efficiency (60%) was determined by instant thin-layer chromatography (ITLC).
The 89Zr-labeled /V-sucDf-cG250-F(ab')2 preparation, hereafter called 89Zr-cG250-F(ab')2, was
purified by gel filtration on a PD-10 column, and radiochemical purity (>95%) was checked by
ITLC. 89Zr-cG250-F(ab')2 (21 ng of cG250-F(ab')2, 0.41 MBq/ng) was diluted in 0.9%
NaCI/gentisic acid (5 mg/mL, pH 5) to a volume of 200 |iL per mouse. The immunoreactive
fraction (IRF) of the radiolabeled cG250-F(ab')2 preparations was determined using freshly
trypsinized SK-RC-52 cells as described previously, with minor modifications [20]. Briefly,
89Zr-cG250-F(ab')2 (12,000 dpm [200 Bq]) was incubated with increasing concentrations of
SK-RC-52 tumor cells in 0.5 m Lof binding buffer (R PM I1640 medium containing 0.5% bovine
serum albumin (BSA)). A duplicate of the lowest cell concentration was incubated in
presence of an excess of unlabeled cG250-F(ab')2 to correct for nonspecific binding. After
incubation for 1 h at 37 °C, cells were washed with 500 jiL of binding buffer, and the cellbound activity was determined using a y-well counter (1480 Wallac Wizard 3", Perkin Elmer,
Waltham, MA, USA). The inverse of the tumor cell-bound fraction was plotted against the
inverse of the cell concentration, and the IRF (74%) was calculated from the y-axis intercept.

Small-animal PET imaging and biodistribution
Ten mice were injected i.v. with 200 nL of a 89Zr-cG250-F(ab')2 solution (42.5 MBq/mL).
Syringes were measured in a dose calibrator before and after injection, indicating that mice
received 6.85 ± 0.55 MBq of 89Zr-cG250-F(ab')2. Images were acquired at 4 h (n=4) and 24 h
(n=4) after injection with an Inveon small-animal PET scanner (Siemens Preclinical Solutions,
Knoxville, TN, USA). Thirty min before imaging, mice were injected intraperitoneally with 80
mg/kg pimonidazole (J.A. Raleigh, Department of Radiation Oncology, University of North
Carolina, Chapel Hill, USA). Animals were imaged in pairs while anesthesized using
isoflurane. Tumors on the right hind legs were positioned in the center of the field of view.
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At 4 h post-injection (p.i.), a 30-min emission scan was acquired in 4 animals. For attenuation
correction, 7-min transmission scans were recorded after emission scans, using the built-in
57Co source of 131 MBq (energy window 120-125 keV). From the 4 animals imaged 24 h p.i.,
45-min emission scans were acquired, followed by 7-min transmission scans. One
transmission scan at 24 h p.i. could not be acquired.
The perfusion marker Hoechst 33342 (15 mg/kg, Sigma, Zwijndrecht, The Netherlands) was
injected i.v. 1 min before the animal was killed. The tumors and selected normal tissues
(muscle and blood) were harvested, weighed, and counted in a y-well counter. Tumors were
cut in half; one half of the tumor was immediately snap-frozen in liquid nitrogen for
autoradiography and immunohistochemical staining purposes. Radioactivity uptake in the
other half of the tumor was calculated as percentage of the injected dose per gram of tissue
(%ID/g). To correct for radioactive decay, injection standards were counted simultaneously.
Radioactive uptake of 89Zr-cG250-F(ab')2 in tumors was compared with fractions of tumor
area positively stained for CAIX (fCAIX) and pimonidazole (fPIMO) in tumor sections.

PET image analysis
List-mode data were acquired using the default energy and coincidence timing windows of
350-650 keV and 3.4 ns, respectively, and histogrammed into a 3-dimensional sinogram [21].
Data were reconstructed for analysis using ordered-subset expectation maximization in 3
dimensions (OSEM3D, 2 iterations), followed by maximum a posteriori (MAP, 18 iterations)
reconstruction. MAP reconstructions were performed with R=0.05 and were optimized for
uniform resolution. The transaxial pixel size was 0.431 mm, section thickness 0.796 mm, and
image matrix size 256x256x161.
PET images were analyzed using Siemens Inveon Research Workplace software (version 1.3,
Siemens Preclinical Solutions). Regions of interest (ROls) were manually placed around the
tumor and left kidney. ROls of a single volume were drawn over the liver and hind-leg
muscle. Quantification of tracer uptake in the ROls of the attenuation-corrected slices was
obtained by calculating the maximum standardized uptake values (SUVmax). One PET scan at
24 h p.i. could not be attenuation-corrected, and SUVmax values from this scan (2 mice) were
disregarded.
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Autoradiography
Frozen central tumor sections (5 jim thick) were mounted on poly-L-lysine-coated slides and
fixed in acetone before autoradiography, allowing adequate autoradiography with optimal
immunohistochemical staining quality. Slides were exposed to a Fujifilm BAS cassette 2025
overnight (Fuji Photo Film, Tokyo, Japan). Phospholuminescence plates were scanned using a
Fuji BAS-1800 II bio-imaging analyzer at a pixel size of 50x50 jim. Images were processed
with Aida Image Analyzer software (Raytest, Staubenhardt, Germany). The same tumor
sections were used for immunohistochemical staining and analysis.

Immunohistochemical staining
Slides were scanned for the fluorescent Hoechst 33342 signal before staining for CAIX,
pimonidazole, and blood vessels. Between consecutive steps of the staining process,
sections were rinsed 3 times for 5 min in phosphate-buffered saline (PBS, Klinipath, Duiven,
The Netherlands). Primary antibodies were diluted in primary antibody diluent (PAD,
GeneTex Inc., San Antonio, TX, USA) and secondary antibodies in PBS. Sections were
incubated overnight (4 C) with biotinylated mouse anti-CAIX (G250) antibody (Mouse-antiCAIX-Biotin) diluted 1:150. Then sections were incubated with mouse anti-biotinCy3 (Jackson
Immunoresearch Laboratories, West Grove, PA, USA), diluted 1:400 (45 min, 37 °C), followed
by incubation with Fab' fragment donkey anti-mouse IgG, diluted 1:50, and rabbit antipimonidazole, diluted 1:1000 for 45 min at RT. Next, sections were incubated with 9F1 (rat
monoclonal against mouse endothelium. Radboud University Medical Center) undiluted for
30 min at RT, followed by incubation with chicken anti-rat-Alexa647 1:200 (Molecular
Probes, Leiden, The Netherlands) and donkey anti-rabbit-Alexa488 1:400 (Molecular Probes)
for 30 min at 37 °C. Finally, all nuclei were stained using Hoechst, diluted 1:3000, for 5 min.
Sections were mounted in Fluorostab (ICN, Zoetermeer, The Netherlands).

Immunohistochemistry image acquisition and analysis
Tumor sections were analyzed using a digital image analysis system, as described previously
[22]. After whole-tissue sections had been scanned, gray-scale images (pixel size 2.59x2.59
nm) for vessels, perfusion, CAIX, and pimonidazole were obtained and subsequently
converted into binary images. Thresholds for segmentation of the fluorescent signals were
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interactively set above the background staining for each individual marker. Binary images
were used to calculate fCAIX and fPIMO relative to the total tumor area. Areas of necrosis,
determined using Hematoxylin and Eosin (HE) stained neighboring tumor sections, were
excluded from analysis.

Spatial colocalization analysis
The autoradiography and immunohistochemistry images were coregistered using ImageJ
Software (free JAVA-based image-processing package) and its Turbo-Registration plug-in
package [23]. The pixel size of the immunohistochemistry images was rescaled to match that
of the autoradiography images (50x50 nm). After alignment, all images were rescaled to a
pixel size of 200x200 |im, corresponding to the estimated accuracy of image coregistration.
Before rescaling to 200x200 nm pixels, a mean smoothing of the pixel signal with an
appropriate radius was applied to the immunohistochemistry and autoradiography images,
to reduce formation of alienating noise artifacts. Matching ROls were drawn over the aligned
tumor sections. Only pixels containing tumor tissue were included. The GraphPad Prism 4.0a
software package (GraphPad Software, La Jolla, CA, USA) was used to create scatter plots of
coregistered pixel gray-scale values and to fit the resulting plots to a regression line.

Statistics
Statistical analyses were performed on a Macintosh computer (Apple, Cupertine, CA, USA)
using GraphPad Prism (version 4.0a, GraphPad Software, La Jolla, CA, USA). Linear regression
analysis was used to assess correlations between different parameters, and a p-value<0.05
was considered significant. Results are expressed as mean value ± Standard deviation (SD),
unless stated otherwise.

Results
Autoradiography and immunohistochemistry
Qualitative analysis of autoradiography images of m ln-cG250 at 4 h p.i. showed a
microscopic uptake pattern with minimal spatial correlation to immunohistochemical CAIX
staining. This relation was more distinct at 24 h p.i., with m ln-cG250 uptake in the same
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areas as CAIX expression (Fig. 2). When qualitatively comparing 89Zr-cG250-F(ab')2
autoradiography uptake signal with immunohistochemically stained CAIX signal, a strikingly
similar intratumoral distribution was obtained already at 4 h p.i. (Fig. 3). Pixel-by-pixel
analysis of the 200x200 nm gray-scale values of autoradiography and immunohistochemistry
images yielded correlation coefficients (r) from 0.60 to 0.74 at 4 h p.i. and from 0.57 to 0.66
at 24 h p.i. (all correlations p<0.0001). Mean correlations and slopes of regression lines are
summarized in Table 1.
Assessment of the immunohistochemically stained tumor sections showed CAIX expression
always within boundaries of the pimonidazole signal, but less extensive (Fig. 3C). Significant
correlations between pimonidazole signal and 89Zr-cG250-F(ab')2 uptake signal were also
obtained, with a range of r values from 0.46 to 0.68 (all correlations p<0.0001; Table 1). No
correlation was found between 89Zr-cG250-F(ab')2 and the perfusion marker Hoechst 33342
(mean r, -0.01 ± 0.07 at 4 h p.i. and -0.06 ± 0.08 at 24 h p.i., all correlations p<0.0001) or
vascular parameters (Fig. 4).

Table 1. Spatial correlation between 89Zr-cG250-F(ab')2 autoradiography and
immunohistochemical signal of CAIX and pimonidazole
89Zr-cG250-F(ab')2 versus CAIX
Tim e after
Mean correlation
Mean slope (a)
injection of
coëfficiënt (r)
S9Zr-cG250-F(ab')2
4 h (n=4)
0.68 ±0.06
0.31 ±0.15

89Zr-cG250-F(ab')2versus pimonidazole
Mean correlation
Mean slope (a)
coëfficiënt (r)
0.54 ± 0.08

0.25 ± 0.07

24 h (n=4)

0.62 ±0.04

0.36 ±0.28

0.61 ± 0.09

0.38 ±0.11

A ll (n=8)

0.65 ±0.05

0 33 ±0 21

0.58 ± 0.09

0.31 ±0.11

Data are given as mean ± SD. Correlation coefficients (r) and mean linear regression slopes (a) result
from 200x200 pim size pixel-by-pixel comparison between S9Zr-cG250-F(ab')2 autoradiography
images and immunohistochemical signal images of CAIX and pimonidazole. n = number of tumors.
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Figure 2. Gray-scale images of tum or sections immunohistochemically stained for CAIX (A and C) and
autoradiograms of m ln-cG250 (B and D) at 4 h (A and B) and 24 h (C and D) p.i.. A t 4 h p.i., uptake of
m ln-cG250 is nonspecific and not localized in the region of high CAIX expression. At 24 h p.i. a more
distinct correlation is present. ARG = autoradiography, IHC = immunohistochemistry.
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Figure 3. (A) 89Zr-cG250-F(ab')2 autoradiogram. (B and C) Image of tum or se
immunohistochemically stained for CAIX (red) and vessels (green) (B), pimonidazole (green) and
(red) (C). Scatterplot between spatial intensity patterns of 89Zr-cG250-F(ab')2 and CAIX in this SO
tumor section at 4 h p.i. (D). Each dot in (D) represents a 200x200 nm coregistered pixel. Correl
coëfficiënt (r), slope (a) and p-value are given. ARG = autoradiography, IHC = immunohistochemi

Figure 4. Disparity between vessels (green) and localization of high 89Zr-cG250-F(ab')2 signal (re
tum or sections at 4 h (A) and 24 h (B) p.i.. As early as 4 h p.i., 89Zr-cG250-F(ab')2 binding in tumoi
not perfusion-dependent. The central vessel in B (arrow) was not perfused (absence of Hoi
33342 staining; for clarity the Hoechst signal is not shown).

Small-animal PET

PET scans in 8 mice showed accumulation of 89Zr-cG250-F(ab')2 in the tumors at both 4 h
24 h p.i. (Fig. 5). Mean SUVmax for tumors was 1.65 ± 0.26 (n=4) at 4 h p.i. and 0.57 ±

(n=2) at 24 h p.i.. The corresponding SUVmax in muscle tissue was 0.38 ± 0.05 and 0.14 ± (

respectively. Relatively high uptake of 89Zr-cG250-F(ab')2 was found in the kidneys (n

SUVmax, 12.34 ± 1.38 at 4 h p.i. and 10.53 ± 0.45 at 24 h p.i.) and liver (mean SUVmax, 2.
0.13 at 4 h p.i. and 1.69 ± 0.15 at 24 h p.i). At 4 h p.i., as opposed to 24 h p.i., the heart

clearly visible on PET images, suggesting that it was actually the cardiac blood pool ra
than the myocardium that was visualized at 4 h p.i. (data not shown).
SUV i 2

4 h p.i.

SUV0

B

24 h p.i.

SUV 0

Figure 5. PET images o f mice with tum or located subcutaneousiy on the right hind leg at 4 n (A
24 h (B) p.i.. SUV = standardized uptake value
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T u m or-to-nontum or ratios

Mean tumor uptake of 89Zr-cG250-F(ab')2, as determined by counting dissected tissues, was
3.71 ± 0.97 %ID/g (n=5) at 4 h p.i. and 1.66 ± 0.48 %ID/g (n=5) at 24 h p.i. (Fig. 6). Tumor
uptake of 89Zr-cG250-F(ab')2 correlated well with SUVmax values as determined from PET
images (r=0.93, p=0.0067; Fig. 6B).
Mean concentration of 89Zr-cG250-F(ab')2 in the blood decreased from 4.34 ± 0.27 %ID/g
(n=5) at 4 h p.i. to 0.20 ± 0.06 %ID/g (n=5) at 24 h p.i.. Consequently, the mean tumor-toblood ratio increased from 0.86 ± 0.26 at 4 h p.i. to 8.72 ± 3.45 at 24 h p.i.. The mean tumorto-muscle ratio was 6.83 ± 1.95 (n=5) at 4 h p.i. and 7.47 ± 2.45 (n=5) at 24 h p.i..

Tumor

Blood

Muscle

SUVmax tumor

Figure 6. Biodistribution of 89Zr-cG250-F(ab')2 in tumor, blood, and m uscle at 4 h and at 24 h p.i. (A).
Tumor uptake of S9Zr-cG250-F(ab')2 in biodistribution m easurem ents versus SUVmax of the tum or on
PET scan (B). Correlation coëfficiënt (r), slope (a) and p-value are given in (B).
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89Zr-cG250-F(ab')2tum or uptake and hypoxia.

Absolute tumor uptake of S9Zr-cG250-F(ab')2 and overall expression of CAIX were low
tumor sections, the mean fraction of CAIX was 0.01 ± 0.006. There was a significant pos
correlation between fCAIX in tumor sections and uptake of 89Zr-cG250-F(ab')2 as determ
by biodistribution (r=0.75, p=0.03, Fig. 7A). The mean fPIMO (0.11 ± 0.05) was 10-fold hij
than the mean fCAIX in tumor sections. A significant correlation between fPIMO and tu
89Zr-cG250-F(ab')2 uptake was also found (r= 0.78, p=0.02, Fig. 7B). There was on
moderate and nonsignificant correlation between fCAIX and fPIMO (r=0.49, p=0.21).

fCAIX

fPIMO
Figure 7. Scatterplots of fCAIX (A) and fPIM O (B) versus 89Zr-cG250-F(ab')2 tumor uptak
biodistribution measurements in SCCNij3. Correlation coefficients (r) and p-values are given.

Discussion

The aim of the present study was to demonstrate the feasibility of using 89Zr-cG250-F(<
as a hypoxia-related PET marker in a human head and neck xenograft tumor model. The
experiment showed spatial correlation between 111ln-cG250 IgG uptake in SCCNij3 tur
and CAIX staining in tumor sections only 24 h after injection. Nonspecific staining patt
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early after injection are likely a result of diffusion- and perfusion-related characteristics of
the radiotracer and the tumor model. The large IgG molecules diffuse relatively slowly into
the tumor tissue. As early as 4 h after injection of 89Zr-cG250-F(ab')2, efficient tumor
accumulation in regions with CAIX expression was observed in SCCNij3 tumors. This specific
accumulation was also present at 24 h p.i., albeit that tumor uptake and, consequently,
SUVmax were lower.
In several studies, immunohistochemical comparison between staining for CAIX and various
hypoxia-related markers showed some degree of microscopic overlap [24,25]. However,
colocalization analyses of exogenous markers such as pimonidazole and endogenous
markers such as CAIX have yielded conflicting results [14,26]. Mismatches between the
spatial distribution of these two classes of hypoxia markers may be related to the different
oxygen levels at which they are trapped, bioreduced or expressed, respectively; local
temporal fluctuations in the level of hypoxia (i.e., acute versus chronic hypoxia), and
nonhypoxia-related factors that affect CAIX expression [27]. Molecular size-related kinetic
characteristics of exogenous probes can also be confounding factors.
Increased expression of CAIX was found to be related to poor prognosis in several tumor
types, both as an independent factor and in correlation with other markers of hypoxia
[28,29],
Previously, we showed that the half-life of hypoxic cell turnover in the SCCNij3 tumor line
was approximately 49 h [30]. This implies that the hypoxic population remained fairly stable
between injection of 89Zr-cG250-F(ab')2 and immunohistochemical staining of the CAIX and
pimonidazole signal in the present study. Fluctuating or acute hypoxia may confound the
outcome of CAIX quantification as an indicator of hypoxia. In the studied model, the amount
of acute hypoxia is limited, which was previously shown by good correlations between
fiberoptic p02 measurements, indicating acute plus chronic hypoxia and pimonidazoledetected chronic hypoxia [31].
Early visualization of radiolabeled cG250-F(ab')2 is not due to perfusion artifacts, as may be
the case with early imaging using m ln-cG250 IgG or, for instance, 64Cu(ll)-diacetyl-bis(N4methylthiosemicarbazone) (64Cu-ATSM) [32]. Absolute expression of CAIX fluorescent signal
was low in these SCCNij3 xenograft tumors, consistent with a previous study [14]. In that
study, fCAIX and fPIMO on immunohistochemistry were not related to uptake of m ln-DTPA99

cG250 IgG as determined by biodistribution measurements. Uptake of whole antibody

much higher (25.2 ± 6.2 %ID/g), as compared to uptake of 89Zr-cG250-F(ab')2 in our s
(2.68 ± 1.30 %ID/g). Tumor uptake of intact IgG is usually higher than that of its fragme

form [33,34]. This is due to the much longer circulatory half-life of IgG, because high b

levels are the driving force for tumor accumulation. Compared with 131l-cG250 in a mi
model with subcutaneous SK-RC-52 human renal cell carcinoma xenografts, 125l-cG

F(ab')2 fragments cleared more quickly from the blood and normal tissues, and absc
uptake in tumor and normal tissues was considerably lower [17]. Maximum tumor uptal
cG250-F(ab')2 was reached at the earliest measuring time 1 day p.i., compared with 3
p.i. for radiolabeled intact cG250. In renal cell cancer patients, 131l-cG250-F(ab')2 cle
faster from the body compared to intact IgG, whereas uptake of radioiodinated F(

fragments in renal cell carcinoma did not exceed that of normal kidney tissue and c
hardly be quantified on images. Van Dijk et al. registered a higher uptake of 125l-lab

G250-F(ab')2 at 6 h p.i. than at later times in a human renal cell carcinoma xenograft m

[33]. This decline in uptake within several hours after a relatively fast peak-uptake is in
with our observations. These findings suggest the possibility of labeling cG250-F(ab')2
radionuclides that have a shorter half-life for imaging, such as 18F and 64Cu.
There was a strong positive correlation between SUVmax on PET images and measured t i
uptake of 89Zr-cG250-F(ab')2(%ID/g) in the current study. A similar correlation was foum

SUVmax and tumor uptake of 124l-cG250 in the SK-RC-52 xenograft model [35]. In tl
tumors, a 10-fold higher SUVmax was reached, compared with our measurements of
cG250-F(ab')2 uptake in a head and neck carcinoma model. However, peak measurem

were not reached until 48 h p.i. and blood clearance was complete at 7 days p.i., which

disadvantage with respect to hypoxia imaging. The differences may be explained by the

of whole IgG versus F(ab')2and the homogeneous and higher levels of CAIX expression ir

RCC tumor model versus the inhomogeneous, hypoxia-related CAIX expression in the I
and neck tumor model.
When analyzing PET markers of hypoxia on a microscopic level, several groups have repc

variable correlations between autoradiography signal and immunohistochemical me
signals in different tumor types. Troost et al. found oniy a weak correlation between
fluoromisonidazole
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(18F-FMISO)

autoradiography

and

pimonidazole

signal

immunohistochemistry in untreated SCCNij3 xenograft tumors, using pixel-by-pixel analysis
[36]. Our findings are similar to results of other studies, reporting significant positive
correlations between nitroimidazole derivatives and hypoxic PET-tracers 18F-fluoroazomycin
arabinoside (18F-FAZA) and 64Cu-ATSM at the microscopie level in different tumor models
[37-39], The advantage of radiolabeled cG250-F(ab')2/ as compared with these tracers, would
be that it specifically targets viable tumor cell populations that have upregulated intrinsic
mechanisms to survive and adapt to a hypoxic microenvironment. These are likely the same
resistant populations that are important for radiotherapy outcome. Further studies are
warranted to verify the value of radiolabeled cG250-F(ab')2 as a hypoxia tracer against
established hypoxia tracers. Recently a simplified method to label antibodies with 89Zr has
been described, which will allow broader application of this radionuclide in immuno-PET
studies [19].
The kidneys and liver exhibited high uptake of 89Zr-cG250-F(ab')2 by PET. In several studies,
uptake of F(ab')2 antibody fragments in murine kidneys has been reported to be higher as
compared to kidney uptake of intact antibodies [15,34]. A high uptake of F(ab')2 in kidneys
likely results from fragment reabsorption by the renal tubular cells. High renal uptake could
in the clinical situation interfere with imaging of tumor deposits near the kidneys.
cG250-F(ab')2 could prove to be a useful tooi in defining CAIX-positive hypoxic areas
requiring intensified therapy in primary head and neck carcinomas, for instance, through
redistribution of radiation dose. Additionally, CAIX-targeting inhibitors like sulfonimades
offer promising modalities in anticancer therapy [40]. Clinical application of these agents will
require a noninvasive imaging tooi for the quantification and monitoring of CAIX expression,
which could possibly be provided by cG250-F(ab')2.

ConcBusion
We have established a significant spatial correlation between binding of 89Zr-cG250-F(ab')2
and expression of CAIX at the microscopic level, suggesting sufficiënt tumor penetration and
accurate microscopic hypoxia localization of the compound. These characteristics suggest a
potential role of 89Zr-cG250-F(ab')2 for noninvasive hypoxia imaging of the endogenous
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hypoxia-related marker CAIX in head and neck carcinomas. Further studies on this con
are warranted.
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Abstract
Noninvasive imaging of the epidermal growth factor receptor (EGFR) in head and
squamous cell carcinoma could be of value to select patients for EGFR-targeted therapy

assessed dose optimization of i n lndium-DTPA-cetuximab (i n ln-cetuximab) for EGFR im;

in a head and neck squamous cell carcinoma xenograft model. m ln-cetuximab sl
internalized into FaDu cells in vitro, amounting to l.O xlO 4 molecules cetuximab per cell
24 hours (15.8% of added activity). In nude mice with subcutaneous FaDu xenograft tur
a protein dose escalation study with m ln-cetuximab showed highest specific accumul;
in tumors at protein doses between 1 and 30 jig per mouse (mean tumor uptake 33.1:
%ID/g, 3 days post-injection (p.i.)). The biodistribution of n i ln-cetuximab and 12Sl-cetux
was determined at 1, 3 and 7 days p.i. at optimal protein dose. Tumor uptake was favoi

for m ln-cetuxirnab compared with 125l-cetuximab. With pixel-by-pixel analysis, |
correlations were found between intratumoral distribution of m ln-cetuximab as deterir
by autoradiography and EGFR expression in the same tumor sections as deterrr

immunohistochemically (mean r=0.74 ± 0.14; all correlations p<0.0001). MicroSPECT s

clearly visualized FaDu tumors from 1 day p.i. onward and tumor-to-background con

increased until 7 days p.i. (tumor-to-liver ratios 0.58 ± 0.24, 3.42 + 0.66, 8.99 ± 4.66
16.33 ± 11.56, at day 0, day 1, day 3 and day 7 p.i., respectively). Our study suggests th;

optimal cetuximab imaging dose, 111ln-cetuximab can be used for visualization of I
expression in head and neck squamous cell carcinoma using SPECT.
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Introduction
Targeted therapy is becoming an increasingly important component in the treatment of
cancer. Growth factor receptors form a class of therapeutic targets regulating proliferation,
differentiation and survival of malignant cells [1]. The epidermal growth factor receptor
(EGFR), a receptor tyrosine kinase, is overexpressed in the majority of epithelial malignancies
and plays a pivotal role in cellular proliferation, DNA repair and regulation responses to
hypoxia - 3 major parameters determining radiation resistance [2,3], Furthermore, EGFR
overexpression is associated with advanced tumor stage and poor prognosis in several
epithelial cancer types, among which head and neck cancer [4,5]. Treatment resistance can
be counteracted by blockage of EGFR signaling with anti-EGFR antibodies such as IMC-C225
(cetuximab, Erbitux) and panitumumab (ABX-EGF, Vectibix). Cetuximab is a chimeric IgGl
monoclonal antibody (mAb) that binds to EGFR with high affinity. It competitively inhibits
EGF binding to EGFR and is internalized to an extent comparable with EGF. The antibody
downregulates surface EGFR expression in a dose-dependent manner and does not elicit
receptor phosphorylation [6]. Cetuximab has been shown to potentiate the antitumor effect
of chemotherapeutic agents [7,8], Furthermore, addition of cetuximab to radiotherapy for
locoregionally advanced head and neck cancer has shown improved locoregional control and
overall survival in comparison with radiotherapy alone [9,10]. However, not all patients
respond to EGFR inhibition, but all patients experience toxicity induced by these
therapeutics. Monitoring of biologically relevant tumor characteristics before treatment may
enable selection of patients on an individual basis. Most assays are limited in that they
require invasive sampling and are prone to sampling errors, therefore impeding their
introduction into routine clinical practice. Noninvasive imaging with anti-EGFR antibodies
could enable visualization and quantification of tumor EGFR expression, thereby aiding in
the choice to commence EGFR-targeted therapy, or to assess therapeutic response to, for
example, radiotherapy [11].
Preclinical monoclonal antibody imaging studies of EGFR have been performed in various
tumor models, among which head and neck squamous cell carcinoma cell lines, with
cetuximab and other mAbs [12-18]. Results of the various studies show discrepancies as to
whether the uptake of the used radiotracer accurately represents tumoral EGFR expression.
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Factors such as tumor vascularity and permeability and inherent pharmacodyn;
properties of radiotracers play a considerate role in proper EGFR imaging. However, seti
the various preclinical studies varies, with differences for instance in methods of quantil
EGFR expression in the studied tumor models, in injected cetuximab dose, (non)residual
properties of used radionuclides and time interval between injection of radiolab
cetuximab and imaging. Clinical mAb (C)225 imaging studies are scarce and of a prelimi
or radiodosimetric nature [19,20].

The aim of the present study was to optimize a noninvasive cetuximab-based imó

method of EGFR expression in a head and neck squamous cell carcinoma xenograft m<
For this purpose, cetuximab was radiolabeled with m ln and 125l. Internalization kinetii
the radiolabeled cetuximab in FaDu tumor cells were studied in vitro. Specificit
radiolabeled cetuximab accumulation in the EGFR expressing tumors was determined.
investigated the effect of the antibody protein dose on tumor uptake. In addition,

pharmacodynamics of U1ln-cetuximab and 125l-cetuximab were examined. Tumor targ<
of radiolabeled cetuximab was imaged longitudinally using single photon emission comp
tomography (SPECT). Tumor EGFR expression as determined immunohistochemically
compared with the intratumoral distribution of radiolabeled cetuximab by autoradiograf

Materials and methods
Radiolabeling and quality control
Radiolabeling of cetuximab

Cetuximab 5 mg/mL (Erbitux®, Merck, Darmstadt, Germany) (KD = 0.15 - 0.36 nM) [21
was conjugated to isothiocyanatobenzyl-diethylenetriaminepentaacetic acid (ITC-D

Macrocyclis, Dallas, TX) in 0.1 M NaHC03, pH 9.5, for 1 h at room temperature (RT), usi
50-fold molar excess of ITC-DTPA. Unbound ITC-DTPA was removed by dialysis against
M ammonium acetate buffer, pH 5.5. The DTPA-cetuximab conjugate (1 mg/mL)

radiolabeled with m ln (0.63 MBq/jiL) (Covidien, Petten, The Netherlands), either in a 0.2

ammonium acetate buffer, pH 5.5, for dose escalation and internalization studies, or ir
M 2-(/V-morpholino)ethanesulfonic acid (MES) buffer, pH 5.5, for microSPECT imaging
autoradiography. The scale of the radiolabeling procedure depended on the reqi
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int of radiolabeled antibody in each experiment. Labeling continued for 30 min at RT.
all

preparations,

labeling

efficiency

was

determined

by

instant

thin-layer

natography (ITLC) on TEC Control chromatography strips (Biodex, Shirley, NY).
ichemical purity of m ln-cetuxirnab exceeded 97% in all experiments.
:imab was radioiodinated with 125l as described previously [23]. Radiochemical purity of
ïtuximab exceeded 99%.

ro characteristics of radiolabeled cetuximab
inoreactive fraction
immunoreactive fraction (IRF) of the radiolabeled cetuximab preparations was
mined before experiments, using freshly trypsinized FaDu cells as described previously
minor modifications [24]. A serial dilution (3.9 x 104-1 .0 x 107 cells/mL) in 0.4 mL RPMI
BSA was incubated with 200 Bq 111ln-cetuximab or 12Sl-cetuximab in 0.1 mL. Specific
ties of m ln-cetuximab and 125l-cetuximab are given in further descriptions of the
iments. A duplicate of the lowest cell concentration was incubated with an excess of
eled cetuximab (37.5 pig) to correct for nonspecific binding. After incubation for 20 min
°C, cells were washed and the cell-bound activity was determined using a y-well
:er (1480 Wallac Wizard 3", Perkin Elmer, Waltham, MA, USA). The IRF of m lnimab and 125l-cetuximab used in the experiments exceeded 95%.

ialization assay
0 internalization kinetics of l u ln-cetuximab in FaDu cells were determined essentially
scribed by Koenig et al., with minor modifications [25]. FaDu cells were cultured to
jency in 6-well plates and were incubated with 1000 Bq i n ln-cetuximab (specific
ty 0.37 MBq/jig) for 2, 4 or 24 hours in 2 mL binding buffer (RPMI-1640 0.5% BSA), at
in a humidified atmosphere with 5% C02. After incubation, cells were washed once

1 mL ice-cold PBS. One mL of acid wash buffer (0.1 M HAc, 0.15 M NaCI, pH 2.8) was
J for 10 min at 37 °C to remove the membrane-bound fraction of the cell-associated
:etuximab. Subsequently, cells were washed twice with 1 mL of ice-cold PBS and
sted from the 6-well plates. The amount of membrane-bound and internalized activity

lil

was measured in a y-well counter. Nonspecific binding and internalization was deterrr
by coincubation with 5 ng unlabeled cetuximab.

Animal studies

Tumor model
Ninety athymic BALB/c nu/nu mice with xenograft FaDu tumors were used in t

experiments. Viable 2 mm3 pieces of FaDu tumor tissue were implanted subcutane<

(s.c.) in the right flank of 6-8 week old mice. Tumors with a mean diameter of 8 mm *
used in the experiments, 2-3 weeks after implantation. Animals were kept in a spe
pathogen-free unit in accordance with institutional guidelines. The Animal We
Committee of the Radboud University Medical Center approved all experiments.

Protein dose escalation study o fn iln-cetuximab
For antibody dose escalation study, 7 groups of 6 mice received an intravenous
injection in the tail vein of 0.2 MBq m ln-cetuximab (specific activity 0.2 MBq/m

increasing protein doses of 1, 3, 10, 30, 100, 300 and 1000 ng cetuximab per mouse ir
respective dose-groups. Mice were euthanized using 0 2/C02-asphyxiation at 3 days

Tumors and normal tissues (blood, muscle, lung, liver, spleen, kidney, duodenum and c<
were dissected, weighed and radioactivity uptake was counted in a y-well countei

correct for radioactive decay, injection standards were counted simultaneously. The acl

in counted tissue samples was expressed as percentage of injected dose per gram ti
(961D/g).

Pharmacodynamics of radiolabeled cetuximab

The pharmacodynamics of m ln- and 125l-cetuximab were determined in 6 groups of 6 r

Mice were injected i.v. with 0.2 MBq 111ln-cetuximab (specific activity 0.2 MBq/ng) an<
MBq 125l-cetuximab (specific activity 0.2 MBq/ng) with administered total doses cetuxi
of either 10 ng (optimal dose) or 3 mg (blocking dose). The blocking dose of unlat
cetuximab was given to determine non-EGFR mediated uptake of radiolabeled cetuxii
Mice were killed at 1, 3 or 7 days p.i., and uptake of radiolabeled cetuximab was determ
as described above.
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radiography
mice, bearing 6 s.c. FaDu tumors (unlike in the other experiments, 2 mice bore a tumor
:her flank), were injected i.v. with 2 MBq n i ln-cetuximab (total protein dose 10 ng,
fic activity 0.36 MBq/jjg). Three days after injection, mice were killed by cervical
:ation and resected tumors were snap-frozen in liquid nitrogen. Frozen tumors were
)ned using a cryostat microtome. Five-(im tumor sections were mounted on poly-Li-coated slides. Selected slides were fixed with cold (4 °C) acetone for 10 minutes, after
ï they were washed three times using PBS to remove unbound cetuximab. All slides,
ed and unwashed, were exposed to a Fujifilm BAS cassette 2025 overnight (Fuji Photo
Tokyo, Japan). Phospholuminescence plates were scanned using a Fuji BAS-1800 II biong analyzer at a pixel size of 50x50 |am. Images were processed with Aida Image
zer software (Raytest, Staubenhardt, Germany). The same tumor sections were used
ïmunohistochemical EGFR staining.

mohistochemical staining
ving autoradiography, slides were stained for EGFR expression and blood vessels.
2en

all consecutive steps of the staining process, sections were rinsed 3 times for 5 min

M PBS, pH 7.4. All primary antibodies were diluted in primary antibody diluent (PAD,
n, Cambridge, UK), while secondary antibodies were diluted in PBS. Previously unfixed
ms were fixed in cold acetone for 10 min. After rehydration of the tumor sections in
Dr 20 min, they were incubated overnight at 4 C with goat anti-EGFR sc-03 antibody

i Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:100. The EGFR epitope binding
af sc-03-G (15 amino acids within range 1000-1050) and cetuximab (amino acids 310differ [26], allowing parallel binding of these antibodies to EGFR.

Sections were

ated with donkey anti-goat Cy3 (Jackson Immunoresearch, West Grove, PA) diluted
for 30 min at 37 °C. This was followed by incubation with 9F1 (rat monoclonal
)dy to mouse endothelium, Department of Pathology, Radboud University Medical
r) undiluted for 45 min at 37 °C. Then, sections were incubated with chicken anti-rat547 (Molecular Probes, Leiden, The Netherlands) diluted 1:100 for 60 min at RT. All
ns were mounted in Fluorostab (ICN, Zoetermeer, The Netherlands). One adjacent
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section per tumor was Hematoxylin and Eosin (HE) stained to help distinguish necrotic ê
and nontumor tissue from viable tumor areas.

Immunofluorescent image acquisition
The tumor sections were scanned using a digital image processing system consisting
high-resolution 12-bit CCD camera (Micromax, Roper Scientific Inc., Trenton, NJ, USA)
fluorescence microscope (Axioskop, Zeiss, Göttingen, Germany) and a computer-contri
motorised stepping stage. Image processing was done using IPLab software (Scanalytics
Inc., Fairfax, VA, USA) on a Macintosh computer. Gray-scale images (pixel size 2.67x2.67

for vessels and EGFR were obtained. Nontumor areas, determined using HE sta
neighboring tumor sections, were excluded from analysis.

Colocalization analysis
The autoradiography and immunohistochemistry gray-value images (gray-scale range:

values) were coregistered using ImageJ Software (JAVA-based image-processing pack
and

its

Turbo-Registration

plugin

package

[27,28].

The

pixel

size

of

immunohistochemistry images was rescaled to match that of the autoradiography im
(50x50 nm). After alignment, all images were rescaled to a pixel size of 200x200

corresponding to the estimated accuracy of image coregistration and compensating foi

blurred signal in autoradiograms due to scattering. Prior to rescaling to the 200x20(

pixel size, a mean smoothing of the pixel signal with an appropriate radius was applie

the immunohistochemistry and autoradiography images, to reduce formation of aliem

noise artifacts. Matching ROls were drawn over the aligned tumor sections. Only p
containing viable tumor tissue were included. The GraphPad Prism 4.0a software pac
(GraphPad Software, La Jolla, CA, USA) was used to evaluate correlation between
coregistered pixels using the nonparametric Spearman correlation test.

SPECT imaging with U1in-cetuximab
For SPECT imaging, 6 mice were injected i.v. with 20 MBq 111ln-cetuximab (total protein

10 ng, specific activity 5.55 MBq/ng). SPECT images were acquired directly after injei

and 1, 3 and 7 days p.i. using the USPECT II (MILabs, Utrecht, The Netherlands) [29]. I
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were scanned in prone position under general anesthesia (isoflurane/N20 /0 2) for 30-120
min using the 1.0-mm diameter pinhole collimator tube. All mice were killed at day 7 and
uptake of m ln-cetuximab in dissected tissues was determined as described above. Scans
were reconstructed with MILabs reconstruction software, using an ordered-expectation
maximization algorithm, with a voxel size of 0.375 mm. Images were analyzed by drawing
ROls over the tumor and the liver region. Tumor-to-liver ratios were determined using mean
pixel value thresholded at 40% of maximum pixel value within ROls with Siemens Inveon
Research Workplace software (version 2.2, Siemens Preclinical Solutions, Knoxville, TN, USA).

Statistica! analysis

Statistical analyses were performed using Prism software. Differences in uptake of
radiolabeled cetuximab were tested for significance using the nonparametric Mann-Whitney
test. The nonparametric Spearman test was used to assess correlations between different
parameters and a p-value <0.05 was considered significant.

Results
In vitro internalization of m ln-cetuximab

l u ln-cetuximab was slowly internalized by FaDu cells (Fig. 1). The fraction 111ln-cetuximab
that was specifically internalized increased from 3.5% (2.2xl03 molecules cetuximab per cell)
after 2 h of incubation, to 15.8% (l.OxlO4 molecules cetuximab per cell) after 24 h.
Specifically membrane bound radiolabeled ligand increased from 36.8% (2.3xl04 molecules
cetuximab per cell) after 2 h incubation, to 64.2% (4.1xl04 molecules cetuximab per cell) of
the added activity after 24 h.
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Figure 1. Internalization kinetics of l n ln-cetuximab in FaDu cells, with and without addition of e:
unlabeled (cold) cetuximab. The number of cetuximab molecules per cell are presented as a fun
of time. Data are expressed as mean ± SD.

Protein dose escalation study

A dose escalation study of i n ln-cetuximab was performed to determine the opl

cetuximab dose for in vivo imaging in the FaDu nude mouse model. m ln-cetuximab shc
high specific uptake in FaDu xenograft tumors at cetuximab doses up to 30 ng (mean up

33.1 ± 3.1 %ID/g) (Fig. 2). A t higher doses tumor uptake was significantly lower (p=0.0]

p=0.0008, Fig. 2). Highest antibody uptake in tumors was observed at protein doses of 1

or less (mean uptake 34.3 ± 2.4 %ID/g; 10 ng: 34.4 ± 5.2 %ID/g; 3 pig: 36.7 ± 2.9 % ID /g;:

31.9 ± 3.9 %ID/g). At the optimal cetuximab doses, tumor-to-blood ratios exceede
Normal mouse tissues, for example the liver and lungs, express murine EGFR and cetuxi
does not cross-react with these tissues. Assuming that at a cetuximab dose of 1000
mouse only non-EGFR mediated uptake was measured, this indicated that there wa
specific accumulation of in ln-cetuximab in any normal tissue (Fig. 2).
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Figure 2. Biodistribution dose escalation study of

kidney duodenum
In-cetuximab in mice with subcutaneaously

xenografted FaDu tumors, 3 days post-injection. Values are represented as mean %ID/g uptake ± SD
for tum ors (each bar; n=5) and normal tissues (each bar; n=6). Significant difference w as found
betw een uptake of m ln-cetuximab at a protein dose of 100 ng and doses of 1 to 30 ng combined
(p=0.019). Comparison of this combined group with 300 ng or 1,000 [ig gave highly significant results
(p=0.0008). Differences between the 100 |ig protein dose-group and the 3 and 10 |ig protein dosegroups compared separately w ere highly significant (p=0.0079).

Pharmacodynamics of radiolabeled cetuximab

Tumor uptake of m ln-cetuximab and 125l-cetuximab, at a protein dose of 10 ng per mouse,
was highest at 3 days p.i. (Fig. 3). At all time points m ln-cetuximab showed significantly
higher uptake in tumors than 125l-cetuximab (p=0.002). Presumably, this is due to
internalization of the cetuximab antibody by the FaDu tumor cells, after which the
residualizing m ln is retained in the tumor, whereas 125l is mostly excreted from the cells
after intracellular degradation of the radiolabeled antibody. Blockage of EGFRs with excess
unlabeled cetuximab resulted in a maximum nonspecific uptake of m ln-cetuxirnab of 7.36 +
0.98 %ID/g, at 7 days p.i.. Tumor-to-blood ratio of m ln-cetuximab was highest at 7 days p.i.
(6.03 ± 1.69 for 10 ng). The highest tumor-to-blood ratio with 125l-cetuximab was also
obtained 7 days p.i., but this ratio was much lower (1.91 ± 0.72 for 10 ng).
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Figure 3. Biodistribution of 10 ng and 3 mg (excess unlabeled) m ln-cetuximab (A) and 10 |ig and
(excess unlabeled) 125l-cetuximab (B) in mice with subcutaneaously xenografted FaDu tumors
and 7 days post-injection. Values are represented as mean %ID/g uptake ± SD for tumors and nc
tissues (each bar; n=6).

Immunofluorescent images
Immunohistochemical staining of EGFR in tumor sections dissected after completion o
dose escalation, pharmacodynamic and autoradiography experiments, showed membra

EGFR expression (Fig. 4). EGFR expression was distributed throughout viable tumor ti;
with a heterogeneous intensity staining-pattern.
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Figure 4. Im m unofluorescent image of heterogeneously stained EGFR signal (red) in FaDu tumor
located mainly in cell m em branes; and vessel staining (blue). Imaging 7 days p.i. of m ln-cetuximab
(protein dose 10 ng). W hite arrow = necrosis. Insert = detail magnification.

Autoradiography and immunohistochemistry

Autoradiography images of the tumor sections targeted with 111ln-cetuximab and dissected 3
days p.i., showed m ln-cetuximab uptake restricted to viable tumor tissue areas. There were
no remarkable differences in uptake pattern or signal intensity between sections that were
washed

with

PBS

before

autoradiography

and

unwashed

tumor

sections.

Immunohistochemical staining showed that EGFR distribution was similar to that of m lncetuximab uptake patterns on autoradiography (Fig. 5). Pixel-by-pixel analysis of the 8-bit
gray value 200x200 nm coregistered pixels showed a good correlation between EGFR
expression and the localization of in ln-cetuximab in the viable tumor tissue (mean r=0.74 ±
0.14; range r=0.49-0.86; all correlations p<0.0001).
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Figure 5 (Legend on next page)
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Figure 5. Immunofluorescent gray-value image of EGFR staining (A) and autoradiography image of
the sam e tum or section (B). Images w ere made 3 days post-injection of l u ln-cetuximab (2 MBq,
protein dose 10 ng). In (A), red lines enclose nonviable tumor areas, which w ere excluded from
quantification analysis.

Figure 6. USPECT II images displaying consecutive scans of a mouse with a subcutaneously
xenografted FaDu tumor in the right flank. Scanning images directly after injection of m ln-cetuximab
(A), 1 day (B), 3 days (C) and 7 days (D) p.i.. The activity range depicted in each image w as corrected
for physical and biological decay of m ln-cetuximab. Specific tumor uptake of m ln-cetuximab as
registered by USPECT II was compared with nonspecific uptake in the liver as reference background
tissue. Tumor-to-liver ratio in imaged animals increased from day 0 until day 7 (E).

SPECT imaging

One day p.i., s.c. FaDu tumors were clearly visualized on the USPECT II images (Fig. 6). From
that time point onward, tumor uptake stood out distinctly against all other tissues. Tumorto-liver ratios increased from 0.58 ± 0.24 at day 0 p.i., to 3.42 ± 0.66, 8.99 ± 4.66 and 16.33 ±
11.56 at day 1, day 3 and day 7 p.i., respectively. Ex vivo measurements 7 days p.i. showed a
mean tumor uptake of U1ln-cetuximab of 24.9 ± 15.6 %ID/g. Mean m ln-cetuximab uptake in
livers was 2.6 ± 0.7 %ID/g. Mean tumor-to-blood ratio was 29.3 ± 20.9 and mean tumor-toliver ratio 10.6 ± 6.8. Tumor-to-liver ratios calculated from the 4 immunoSPECT images at 7
days p.i. were a factor ~1.5 higher than corresponding tumor-to-liver ratios calculated from
biodistribution measurements and therefore ratio differences between mice showed a
matched trend (6.1 versus 4.1; 8.1 versus 5.0; 20.3 versus 15.4; 30.9 versus 19.9).

Discussüon
Our study showed that m ln-cetuximab specifically accumulated in the FaDu head and neck
xenograft carcinoma model in nude mice, allowing noninvasive imaging of EGFR expression
with radiolabeled cetuximab. In vitro experiments showed that cetuximab internalized
slowly into FaDu tumor cells. i n ln-cetuximab showed a higher tumor uptake than 125lcetuximab at all time points due to the residualizing properties of m ln, which makes it a
better suited radionuclide considering the internalizing characteristics of cetuximab [30]. The
dose escalation experiment revealed that m ln-cetuximab displayed the highest uptake in
the FaDu tumors at protein doses up to 30 ng per mouse. At higher doses, tumor uptake of
m ln-cetuximab in terms of %ID/g decreased, presumably because of saturation of the EGFRs
on the cell surface. Also, EGFR downregulation in the tumors may have partially caused this
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effect. After injection of the determined optimal m ln-cetuximab dose per mouse,
xenograft tumors were clearly visualized with microSPECT. Tumors were the tissue witl
highest activity concentration in mice from the imaging time point of 1 day post-inje
onwards, and contrast between tumors and other tissues increased until 7 days
injection. As cetuximab does not cross-react with the murine EGFR, no specific upta
other tissues, notably the liver, was observed. A good correlation was found betweei

distribution of m ln-cetuximab and the distribution of EGFR immunohistochemical sta

intensity in FaDu tumor sections, indicating that tumor uptake of 111ln-cetuximab is a r
of its specific interaction with EGFR in all parts of the tumor.
Imaging of EGFR in solid tumors has been subject of investigation for some decades,
expression and tumor uptake properties of radiolabeled cetuximab are well correlati

several preclinical studies [14,31], but others have not perceived similar results [1-

Since utilized radionuclides and administered doses of radiolabeled cetuximab <

between the various reports, as well as tumor models and quantification methods of I
expression and tumor uptake of cetuximab, no clear-cut solution to this discrepancy

ce

presented. Goldenberg et al. showed that U1ln-labeled murine mAb 225 specifically targ
EGFR overexpressing A431 vulvar squamous cell carcinoma tumors in nude mice
Gamma camera images showed good tumor uptake 3 to 7 days post-injection. Uptal

m ln-labeled mAb 225 was lower in tumors with low EGFR expression (breast cancer m<

MDA-MB-468 and MCF-7). Dose-dependent receptor blockage was demonstrated in a s
performed by Nayak et al., where co-injection of 0.1 or 0.2 mg cetuximab with ssY-lat

cetuximab resulted in reduced tumor uptake in xenograft tumor models [12]. These firn

are in line with our results with m ln-cetuximab: uptake of radiolabeled cetuximab in a i
mice model with xenograft FaDu tumors was optimal at low protein doses. This signifie
importance of using a predetermined model-specific optimal cetuximab dose for ima
Aerts et al. studied uptake of 0.1 mg injected 89Zr-labeled cetuximab in NMRI-nu mice

different xenograft tumor types displaying varying EGFR expression levels [13]. In this si

89Zr-cetuximab uptake did not correlate with EGFR expression levels. This could partl

due to the relatively high protein dose that was used in these models, but the disp
might also be influenced by additional factors. The study suggested that uptak
radiolabeled cetuximab in tumor xenografts is not only determined by EGFR expre:
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levels, but also by other physiological tumor characteristics, like vascular permeability and
interstitual fluid pressure. Similarly, Niu et al. reported that EGFR expression in head and
neck squamous cell carcinoma xenograft models did not correlate with uptake of ^Culabeled panitumumab or 64Cu-DOTA-cetuximab and that vascular density and permeability
of the tumor models probably influenced compound accumulation [33,18]. In our studies of
the FaDu tumor model, autoradiograpic analysis showed m ln-cetuximab uptake signal
dispersed throughout viable tumor tissue and good correlation with EGFR signal intensity
patterns, suggesting that EGFR expression was an important factor determining m lncetuximab uptake.
When translating preclinical imaging results to the clinical situation, behavior of radiolabeled
antibodies as welJ as physical research model traits should be taken into account.
Radionuclides used for imaging should be adjusted to the inherent properties of studied
antibodies. Radionuclides with a short physical half-life, such as 64Cu (12 h) or " mTc (6 h),
might not be appropriate because of incompatibility with the slow pharmacokinetics and
clearance of cetuximab (in humans Tl/2 ~112 h). Imaging of EGFR expression in tumors will
probably not be feasible during cetuximab-based therapy, because therapeutic doses of
cetuximab will block the target antigen in the tumor. Therefore, radiolabeled cetuximab
might best be applied to select patients applicable for cetuximab therapy, and to assess
response at later time points during follow-up. EGFR imaging with radiolabeled cetuximab
could however be applied in early response evaluation of modalities such as radiotherapy or
therapies involving tyrosine kinase inhibitors. Due to the slow pharmacokinetics of
radiolabeled cetuximab, an interval of 1-7 days between administration and (SPECT) imaging
would be used. It would be logistically attractive to evaluate accumulation of a radiotracer in
tumors within 1 day after administration. Radiolabeled antibody fragments, tyrosine kinase
inhibitors and the natural ligand EGF are candidates for fast imaging of tumor EGFR
expression. Due to their low molecular weights, these tracers permeate rapidly into the
target tissue and display fast background clearance. However, previous studies have shown
that these agents generally have much lower uptake in the target tissue than intact IgG
antibodies [34-38],
Naturally occurring mutations of the EGFR gene have been described, of which a truncation
mutation, EGFR variant III (EGFRvlll), is expressed in up to 42% of head and neck squamous
123

cell carcinomas [34], Since cetuximab also binds to, and downregulates, EGFRvlll
imaging of EGFR wildtype as well as EGFRvlll with radiolabeled cetuximab is also releva
tumors exhibiting this truncated dominant-active variant [36].
The liver displays relatively high levels of EGFR [37]. Hepatic sequestration of radiolat
cetuximab might impede reliable visualization of tumor EGFR expression [19,20,38].

presence of such an antigen sink might require administration of higher dose
radiolabeled cetuximab for tumor imaging in patients. Divgi et al. reported that uptal
m ln-labeled mAb 225 in squamous cell carcinoma of the lung was dose-dependei
patients and that up to 40 mg of cetuximab would be captured by the liver before
tumors could be discerned on imaging [19], This particular phenomenon cannot be sti

in preclinical mouse-xenograft models, since cetuximab does not cross-react with the mi
EGFR. The accretion of radiolabeled cetuximab in the liver in mice is due to nonspi

mechanisms [16]. Studies with antibodies cross-reactive with murine EGFR would be nei
to study the effect of EGFR expression in the liver in a mouse model.
Tumor-to-liver uptake ratio of EGFR imaging tracers might be improved by preadministr;
of unlabeled blocking agents as was shown in a mouse-xenograft model [37], althougï
timing and appropriate dose might be difficult to determine in patients [20].

Nevertheless, defining the appropriate radiolabeled cetuximab dose for optimal irn?
outcomes in head and neck cancer patients is a prerequisite. These and other matters,
as appropriate timing of imaging after injection and specification of the imaging pur

(e.g. treatment selection or therapy response evaluation), should be considered bc
introducing radiolabeled cetuximab into clinical practice as an attribution to the diagn
armamentarium of head and neck cancer.

Conclusion
Optimally dosed m ln-cetuxirnab accumulated efficiently in FaDu head and neck squar
cell carcinoma xenografts. Tumors could be visualized from 1 day post-injection on'
using SPECT and tumor-to-background contrast increased with time. 111ln-cetuxi
accumulation in tumor sections correlated well wiLh immunohistochemical distributie
EGFR, suggesting that imaging uptake reflected actual tumor EGFR expression.
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Abstract
Introduction. Combined treatment of advanced head and neck squamous cell carcini
(HNSCC) with radiotherapy and the epidermal growth factor receptor (EGFR) inhi
cetuximab improves clinical outcome in comparison to radiotherapy alone, but is
effective in a minority of cases. In order to select those patients most likely to benefit
EGFR inhibition, it can be advantageous to quantify the tumor EGFR status before
possibly during therapy. The aim of this study was to develop and characterize the
cetuximab-F(ab')2 tracer to image EGFR targeting in vivo.
Methods. The affinity and internalization

kinetics of m ln-cetuximab-F(ab')2

determined in vitro. The optimal protein-fragment dose for imaging was determined in
mice with a subcutaneous head and neck carcinoma model (FaDu). Mice with FaDu tu

were imaged using ultra-high-resolution single-photon emission computed tomogr
(USPECT) with n i ln-cetuximab-F(ab' ) 2 or i n ln-cetuximab IgG at 4, 24, 48 and 168 h
injection (p.i.). Tumor tracer uptake was determined on USPECT and autoradiogr

images of tumor sections. Immunohistochemical staining was used to analyze I
expression in the tumor.
Results. In vitro, more than 50% of l u ln-cetuximab-F(ab')2 was internalized into FaDu
within 24 h. The half maximal inhibitory concentration (IC50) of m ln-cetuximab-F(ab')

m ln-cetuximab was similar: 0.42 + 0.16 nM versus 0.28 ± 0.14 nM, respectively. The pn
dose escalation study showed that the highest uptake of m ln-cetuximab-F(ab' ) 2 in tu
was obtained at doses <10 |ig/mouse (13.5 ± 5.2 %ID/g). Tumor uptake of 111ln-cetux

was significantly higher (26.9 ± 3.3 %ID/g p<0.01). However, because of rapid t

clearance, tumor-to-b|ood ratios at 24 h p.i. were significantly higher for m ln-cetuxii

F(ab')2 (31.4 ± 3.8 versus 1.7 ± 0.2 respectively; p<0.001). The intratumoral distributie

m ln-cetuximab-F(ab')2 correlated well with the immunohistochemical distribution of I
(r=0.64 ± 0.06, p<0.0001). USPECT images of m ln-cetuximab-F(ab')2

clearly shc

preferential uptake in the tumor from 4 h onward, with superior tumor-to-backgn

contrast at 24 h, compared with m ln-cetuximab (107.0 ± 17.0 versus 69.7 ± 3.9 respecti
p<0.Q5).
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Conclusïom. 111ln-cetuximab-F(ab')2 displays higher tumor-to-blood ratios early after
injection than m ln-cetuximab in a HNSCC model, making it more suitable for EGFR
visualization and potentially for selecting patients for treatment with EGFR inhibitors.
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Introduction

The epidermal growth factor receptor (EGFR) pathway is involved in the regulatie
cellular differentiation, cell cycle control, proliferation and survival [1]. EGFR is frequ

overexpressed in tumors, including in 80-100% of head and neck squamous cell carcim

(HNSCC) [2]. Increased expression correlates with poor prognosis, though its predictive'

has not yet been shown [3-5]. EGFR overexpression is a significant factor for therapy, in

because the EGFR pathway plays an important role in radiation resistance. The effectivt

of radiotherapy is dependent on several mechanisms including tumor oxygenation st
DNA repair processes and proliferation, which are all influenced by EGFR activation
EGFR signaling can be counteracted by blocking the extracellular receptor-ligand intera

with monoclonal antibodies or by inhibition of intracellular signal transduction cascadi

blocking the tyrosine kinase domains. Several tyrosine kinase inhibitors (TKI's) suc
erlotinib, gefitinib and lapatinib have been developed, but only modest response rates
noted in phase II trials with HNSCC patients [8]. Greater treatment progress has
achieved with monoclonal antibodies like panitumumab, zalutumumab, nimotuzumab
especially cetuximab [9]. Preclinical studies showed that cetuximab (Erbitux, C225

binding with the EGFR domain, prevented receptor activation, resulting in improved ti

responses [10]. A randomized clinical study performed by Bonner et al. proved

effectiveness of cetuximab in a subset of HNSCC patients [11]. However, not all pat

benefit from the addition of cetuximab to radiotherapy, and preselection of patients p

to respond to EGFR-blockage will provide a valuable asset for individualized treati

schemes. In several studies, EGFR copy number, but not EGFR expression as assesse

immunohistochemistry, was found to be predictive for response to EGFR inhibition [1/

There are several limitations to immunohistochemical assessment of receptor expres
such as sampling errors and the necessity of invasive procedures. EGFR quantificatic

means of imaging allows noninvasive monitoring of EGFR expression before, during,
after treatment, and expression of the target in the whole tumor can be determ

eliminating artifacts caused by sampling errors. In addition, imaging with a radiolak

tracer specificallv determines expression of accessible receptors (i.e. receptors that cs
reached by systemically administered therapeutics).
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Previously, we have labeled cetuximab with indium-111 (111ln) and imaged the antibody
uptake with single photon emission computed tomography (SPECT) in nude mice bearing
FaDu squamous cell carcinoma xenografts [14]. The FaDu tumors were clearly visualized.
However, tumor accumulation and blood clearance rates were low and resulted in delayed
imaging at 3 - 7 days p.i., which makes whole-antibody imaging less suitable for introduction
into clinical practice.
Antibody F(ab')2fragments of cetuximab IgG have a lower molecular weight and therefore
display faster blood-/tissue-clearance-kinetics and enable earlier high-contrast molecular
imaging [15]. In this study, we aimed to characterize and optimize cetuximab-F(ab')2 as an
EGFR-targeting imaging agent in HNSCC. For this purpose, cetuximab-F(ab')2 was labeled
with lu ln. Affinity and internalization kinetics were determined in vitro, and EGFR imaging
was carried out in nude mice with subcutaneous (s.c.) FaDu tumors using micro-SPECT [16].
Ex vivo, EGFR expression was correlated to tracer uptake as determined by autoradiography
of the tumors.

Materials amd methods
Radiolabeling and quality control

Cetuximab-F(ab')2 fragments (~100 kDa) were produced from the whole IgG monoclonal
antibody cetuximab (~150 kDa) by pepsin digestion. For this, 5 mg of cetuximab was
digested with 0.125 mg of pepsin (Boehringer, Ingelheim, Germany) in 0.1 M citrate buffer,
pH 3.8. After 4 h at 37 °C, digestion was stopped by adding 0.25 mL of 1.0 M Tris, pH 10. The
F(ab')2 fragments were concentrated by ultrafiltration using a Centricon YM-10 (Millipore,
Bedford, MA, USA).

The concentrated F(ab')2 fragments were buffer-changed to NH40Ac (0.25

M pH 5.5) by dialysis, using a Slide A Lyzer 10-kDa (Pierce, Rockford, IL, USA) and stored at 4
°C. Standard sodium dodecyl sulfate-polyacrylamide gel (10%) electrophoresis was
performed for 90 min at 150 V in Tris/glycine buffer. Protein on the gel was stained with
Coomassie brilliant blue (0.1%). Results showed no detectable residual IgG or presence of
Fab' fragments.
Cetuximab-

and

cetuximab-F(ab')2

were

conjugated

to

isothiocyanatobenzyl-

diethylenetriaminepentaacetic acid (ITC-DTPA, Macrocyclis) in 0.1 M NaHC03, pH 9.5, for 1 h
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at room temperature (RT) using a 50-fold molar excess of ITC-DTPA [14,15]. Unbound

DTPA was removed by dialysis against NH4OAc (0.25 M, pH 5.5). The antibody (fragn
was labeled with m ln (Covidien, Petten, The Netherlands) after a 3-fold volume of
morpholino)ethanesulfonic acid

(MES)

buffer,

pH 5.5, was aded. After

20

ethylenediaminetetraacetic acid (EDTA) was added to a final concentration of 5 pil

complex nonincorporated m ln. Labeling efficiency was determined using instant thin-

chromatography (ITLC) on TEC Control chromatography strips (Biodex, Shirley, NY, I
with 0.1 M citrate buffer, pH 6.0, as the mobile phase. If labeling efficiency was below

the m ln-labeled antibody or F(ab')2 fragment was purified on a PD-10 column (Amer:
Biosciences, Freiburg, Germany) that was eluted with phosphate-buffered saline conta
0.5% bovine serum albumin (PBS-BSA). The radiochemical purity of m ln-cetuximab
m ln-cetuximab-F(ab')2 exceeded 95% in all experiments.

Half maximal inhibitory concentration (IC5o) and internalization

FaDu cells (a gift by the research section of the department of radiation oncology in Dre

[17]) were cultured and maintained as monolayer in RPMI medium (GIBCO; BRL Life Scie

Technologies) supplemented with 10% fetal calf serum at 37 °C in a humidified atmosp
with 5% C02.
The relative affinity of cetuximab and cetuximab-F(ab')2 (IC50) was determined in FaDu

Cells were cultured in vitro to confluency in 6-well plates and were incubated with incre;

concentrations of either unlabeled cetuximab or cetuximab-F(ab')2 (300 - 0.001 nP

triplicate) in binding buffer (RPMI, containing 0.5% BSA) simultaneously with 111ln-lat

cetuximab (1,000 Bq/mL, specific activity 0.37 MBq/pig). Plates were incubated for 2 h

°C. After incubation, cells were washed twice with binding buffer and were harvested i

cotton plugs. The cell-associated activity was measured in a y-counter (Perkin-EI
Waltham, MA, USA).
The internalization kinetics of i n ln-cetuximab-F(ab')2 were determined in vitro in FaDu

Cells were cultured to confluency in 6-well plates and incubated with i n ln-cetuximab-F(

(1,000 Bq/ml, specific activity 1.85 MBq/ng) for 1, 2 ,4 or 24 h in 2 mL binding buffer at ■

in a humidified atmosphere with 5% C02. After incubation, cells were washed with PB5
incubated for 10 min with acid buffer (0.1 M acetic acid, 154 nM NaCI, pH 2.6) at 0
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remove and subsequently determine the membrane-bound fraction of the cell-associated
111ln-cetuximab-F(ab')2. Next, cells were harvested from the 6-well plates using cotton plugs
and internalized activity was measured in a y-counter. Nonspecifically bound activity was
determined by coincubation with 5 ng/mL unlabeled cetuximab and processing of the wells
as described above.

Tumor model

Seventy-two 6- to 8-week-old athymic BALB/c nu/nu mice were injected subcutaneously
(s.c.) in the right flank with 5 x 106 FaDu cells in 200 jiL of RPMI medium. Mice with tumors
with a mean diameter of 8 mm (range, 6 - 9 mm) were used in the experiments, 2 - 3 weeks
after inoculation. Animals were housed in filter-topped cages in a specific-pathogen-free unit
in accordance with institutional guidelines. The Animal Welfare Committee of the Radboud
University Medical Center approved the animal experiments.

Protein dose escalation and biodistribution

The optimal dose of cetuximab-F(ab')2 for imaging of EGFR expression was determined in an
antibody dose escalation study. Six groups of 6 mice with s.c. FaDu tumors were injected i.v.
with m ln-cetuximab-F(ab')2 at increasing protein doses of 1, 5, 10, 50, 100 and 500 ng
cetuximab-F(ab')2 (2.4 ± 0.1 MBq). Mice were euthanized by cervical dislocation 24 h after
injection of the tracer.
To determine optimal time point measurement, the biodistribution of n i ln-cetuximabF(ab')2 (5 ng, 0.17 MBq) and U1ln-cetuximab (10 Hg, 0.13 MBq [14]) was evaluated in groups
of 6 mice per time point at 4, 24 and 48 h p.i., with an additional time point for U1lncetuximab at 168 h p.i. as deemed optimal by Hoeben et al. [14], Control groups (n=6)
received a blocking dose (1,000 Hg of cetuximab) before tracer injection.
From all mice, tumors and tissue samples (blood, skin, muscle, pancreas, small intestine,
large intestine, lung, heart, kidney and liver) were harvested and weighed. Subsequently,
radioactivity uptake was determined in a y-counter. Activity concentrations in the tissues
were calculated as percentage of the injected dose per gram tissue (%ID/g). To correct for
radioactive decay, injection standards were counted simultaneously.
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MicroSPECT imaging

Six mice were injected with 5 ng m ln-cetuximab-F(ab' ) 2 (18 ± 2.1 MBq). A control rr

was coinjected with a 1,000 ng excess of unlabeled cetuximab 3 days before injectii
l u ln-cetuximab-F(ab')2 to determine non-EGFR mediated uptake of ln ln-cetuximab-F(

Images were acquired at 4, 24, and 48 h after injection on an ultra-high-resolution ai
SPECT/CT scanner (U-SPECT-II; MILabs, Utrecht, the Netherlands). Mice were scann

prone position under general anesthesia (isoflurane/N20 /0 2) using the 1.0-mm-diar

multipinhole mouse collimator tube. SPECT scans were acquired for 30 - 90 min, depei

on relapsed time after injection, followed by CT scans. As a reference, 5 mice, includinf
coinjected with 1,000 ng cetuximab, were injected with 10 ng m ln-cetuximab IgG (26
MBq) and scanned at 4, 24,48 and 168 h after injection for 20 - 60 min followed by CT s
After the last scan, mice were euthanized by cervical dislocation, and uptake o

radiolabel in the tissues was determined ex vivo in a y-counter. Scans were reconstri

with MILabs reconstruction software, using an ordered-expectation maximization algoi

with a voxel size of 0.375 mm. Tumor-to-muscle mean pixel value ratios were determim

drawing regions of interest (ROls) around the tumor and in the hind leg muscle (In

Research Workplace software, version 3.0, Siemens Preclinical Solutions, Knoxville, TN, I

mean pixel values were established by thresholding at 40% of maximum pixel value v
tumor ROls.

Autoradiography and immunohistochemical staining

The intratumoral distribution of the radiolabeled antibody (fragment) preparations
determined by autoradiography. Tumors from mice injected with 18 ± 2.1 MBq

cetuximab-F(ab')2 or 26 + 6.2 MBq m ln-cetuximab were dissected and immediately :
frozen in liquid nitrogen. Frozen tumor sections (5 nm thick) were cut and mounted on

L-lysine-coated slides for autoradiography. Slides were exposed to a Fujifilm BAS cas

2025 overnight (Fuji Photo Film, Tokyo, Japan). Phospholuminescence plates were sca
using a Fuji BAS-1800 II bioimaging analyzer at a pixel size of 50x50 nm. Images
processed with Aida Image Analyzer software (Raytest, Staubenhardt, Germany). The
tumor seenons were stained immunohistochemically.
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Slides used for immunohistochemistry were fixed in acetone in 4 °C for 10 min and stained
for EGFR and blood vessels. Primary and secondary antibodies were diluted in primary
antibody diluent (PAD, Abcam, Cambridge, UK). Between all consecutive steps of the staining
process, sections were rinsed 3 times for 5 min in 0.1 M PBS, pH 7.4 (Klinipath, Duiven, The
Netherlands). After rehydration in PBS, sections were incubated overnight at 4 °C with goat
anti-EGFR antibody (Santa Cruz Biotechnology inc, Santa Cruz, CA, USA), diluted 1:50.
Subsequently sections were incubated with donkey anti-goat Cy3 (Jackson Immunoresearch,
West Grove, PA, USA) diluted 1:600 for 30 min at 37 °C. Next, sections were incubated with
undiluted 9F1 [14], for 45 min at 37°C followed by incubation with chicken anti-rat-Alexa647
1:100 (Molecular Probes, Bleiswijk, The Netherlands). Sections were mounted in Fluorostab
(ICN). One adjacent section per tumor was Hematoxylin and Eosin (HE) stained to help
distinguish necrotic areas and non-tumor tissue from viable tumor areas.
Tumor sections were analyzed using a digital image analysis system, as described previously
[18]. In short, whole-tissue sections were scanned and gray-scale images (pixel size,
2.59x2.59 |im) for vessels and EGFR were obtained and subsequently converted into binary
images. Thresholds for segmentation of the fluorescent signals were set above the
background staining for each marker. Areas of necrosis were excluded from analysis by
drawing ROls.
Colocalization analysis was performed on autoradiography and immunohistochemistry grayvalue images (gray-scale range 0 - 255). Images were overlaid using Photoshop (CS4, version
11.0.2, Adobe, San Jose, USA) and the pixel and figure size of the immunohistochemistry
images were bicubically rescaled to match that of the autoradiography images for alignment
(50x50 nm) and was successively upscaled (200x200 nm) to compensate for image
coregistration errors and scattering of the tracer signal in the autoradiography images. After
alignment, ROls drawn previously for excluding necrosis in immunohistochemical analysis
were masked in autoradiography images. Coregistered pixel gray-values and overlap
coefficients were determined with ImageJ (version 1.43m, JAVA-based image-processing
package) using the JACoP plugin package. Only pixels containing viable tumor tissue were
included in the pixel-by-pixel Pearson correlation analysis of the coregistered images.
Positioning accuracy between the autoradiography and immunohistochemistry images was
over 95%.
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Statistics

Statistical analyses were performed using Prism software version 4.0c (Graphpad, San C

CA, USA). Differences in uptake of the tracers were tested for significance usinf

nonparametric Mann-Whitney test. The nonparametric Spearman or parametric Pe;

test was used accordingly to assess correlations between different parameters, and
value <0.05 was considered significant. Data are represented as mean ± Standard deviat

Results
In vitro characteristics

m ln-cetuximab-F(ab')2 was internalized in FaDu cells (Fig. IA ). Specific internaliz

gradually increased to 58% of the cell-associated activity after 24 h. The IC50 of cetu>
was 0.42 ± 0.16 nM which was not significantly different from that of cetuximab-F
(0.28 ± 0.14 nM; p=0.82) (Fig. 1B).
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Figure 1. Internalization kinetics o f n l ln-cetuximab-F(ab')2. Membrane binding and internalizat

FaDu cells are presented as percentage of total cell-associated activity (A) and competitive bi
curves of IC5o of m ln-cetuximab on FaDu cells with previously added cetuximab or cetuximab-F
(B). Mean + SD.
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lu ln-cetuximab-F(ab')2dose escalation

The optimal protein dose of u lln-cetuximab-F(ab')2 for SPECT" imaging was determined in a
dose escalation study. Relative tracer uptake was similar at protein fragment doses up to 10
[ig per mouse (11.9 ± 3.8,13.5 + 5.2,11.5 ± 3.8 %ID/g at 1, 5 and 10 ng, respectively) (Fig. 2).
A protein fragment dose of 5 ng was selected for further experiments as it revealed the
highest tumor-to-blood ratio of 44.5 ± 11.5 at 24 h p.i..

Figure

2.

Dose

escalation

o f n lln-cetuximab-F(ab') 2.

Uptake

of

n l ln-cetuximab-F(ab ')2

in

subcutaneous FaDu tum ors and other tissues, 24 h after injection. Values are presented as mean
%ID/g ± SD for 6 mice per group.

Biodistribution

The biodistribution of m ln-cetuximab-F(ab')2 and m ln-cetuximab at the respective optimal
protein (fragment) doses is summarized in Fig. 3. Tumor uptake of m in-cetuximab-F(ab')2
peaked at 24 h p.i. at 10.3 + 3.5 %ID/g. At the same time point, tumor uptake of m lncetuximab was higher (26.9 ± 3.3 %ID/g) (Fig. 3B). However, due to the rapid blood
clearance of cetuximab-F(ab')2, tumor-to-blood ratios of cetuximab-F(ab')2 were much
higher: 31.4 ± 3.8 versus 1.7 ± 0.2 at 24 h p.i. (p=0.02) (Fig. 4).
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Figure 3. Biodistribution o f radiolabeled tracers. Biodistribution of m ln-cetuximab-F(ab')2 (A

“ Hn-cetuximab (B) in tumors and selected normal tissues at -4, 24, 48 (and 168) h after t
injection, with or without excess unlabeled cetuximab. Data are mean ± SD.

Figure 4. Tumor-to-blood ratios o f radiolabeled tracers. Tumor-to-blood ratios calculated
biodistribution studies (%ID/g) for ln in-cetuximab-F(ab')2 and m !n-cetuximab at 4 and 24 h
injection.
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Autoradiography and immunohistochemical staining

Autoradiography showed a similar intratumoral distribution of the i n ln-cetuximab-F(ab')2
tracer compared with the expression of EGFR in the tumor as determined by
immunohistochemistry (Fig. 5). Pixel-by-pixel analysis revealed a good correlation between
the localized uptake of the tracer and EGFR staining pattern (mean r=0.64, range 0.52-0.80,
p<0.0001). Similar distribution patterns and colocalization of both signals were also seen in
mice injected with the m ln-cetuximab tracer (r=0.61, range 0.36-0.91 p<0.0001) (Table 1).

1,000 pm

Figure 5. Visualization o f EGFR in tumor sections. Autoradiography of m ln-cetuximab-F(ab')2 uptake
(A) and immunohistological staining of EGFR (red) and vessels (blue) in the sam e tum or section (B).
Autoradiography images w ere made 24 h p.i..
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Table 1. Spatial correlation between IHC and AR
Spearman r
(p<0.0001)

95% confidence interval

m ln-cetuximab-F(ab)'2
1

0.64

0 .5 9 -0 .6 9

2

0.61

0 .5 7 -0 .6 5

3

0.75

0 .7 1 -0 .8 0

4

0.58

0 .5 2 -0 .6 2

5

0.65

0 .6 0 -0 .6 9

Mean + SD

0.64 ± 0.06

111ln-cetuximab
1

0.40

0 .3 6 -0 .4 6

2

0.88

0 .8 6 -0 .9 1

3

0.55

0 .4 9 -0 .6 0

Mean ± SD

0 61 ±0.25
0.63 ± 0.14

Cumulative Mean ± SD
Correlation coefficients (r) between immunohistochemical EGFR (IHC) and
autoradiography (AR) in FaDu tumor sections result from 200x200 |jm pixel-by-pixel
comparison between AR of n lln-cetuximab-F(ab')2 (n=5) and u lln-cetuximab (n=3) and
EGFR IHC stained images.

Micro-SPECT imaging

Micro-SPECT images of m ln-cetuximab-F(ab' ) 2 showed a preferential accumulation i

tumors as early as 4 h p.i. and an increasing tumor-to-background contrast up to 48 I

m ln-cetuximab-F(ab' ) 2 also showed visible uptake in the kidneys and the liver. This u|

was not EGFR-mediated as it was also observed in mice that were coinjected with a blo
dose of cetuximab (Fig. 6). n i ln-cetuximab showed clear tumor uptake from 24
onward, with tumor-to-background contrast increasing up to 7 days p.i.. Background u

levels remained high. This was also evident from tumor-to-muscle values, wht
significantly higher ratio was found for m ln-cetuximab-F(ab' ) 2 at 24 h p.i. in contrast to
cetuximab; 107.0 ± 17.0, 69.7 ± 3.9, respectively (p=0.03) (Fig. 7).
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111ln-cetuximab-F(ab'),

4 h p.i.

4 h p.i.

24 h p.i.

48 h p.i.

168 h p.i.

+ excess co)d

Figure 6. Serial Micro-SPECT images o f n lln-cetuximab-F(ab')2 and ln ln-cetuximab. Serial MicroSPECT images of n l ln-cetuximab-F(ab')2 w ere obtained at 4, 24 and 48 h p.i. and of m ln-cetuxirnab
at 4, 24, 48 and 168 h p.i., inciuding mice that received a blocking dose of unlabeled cetuximab.

111ln-cetuximab-F(ab')2
111ln-cetuximab

4 h p.i.

24 h p.i.

48 h p.i.

Figure 7. Tumor-to-muscle ratios on Micro-SPECT imaging. Tumor-to-muscle ratios of

In-

cetuximab-F(ab')2 and n l ln-cetuximab from SPECT imaging at 4, 24 and 48 h after injection (p.i.).
Data are mean + SD. (* p<0.05).
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Discussion
The present study showed that m ln-cetuximab-F(ab' ) 2 can be a potent tracei
noninvasive imaging of EGFR expression in head and neck squamous cell carcinomas.
The IC50 of cetuximab-F(ab')2 to the FaDu model was similar to that of cetuximab.

protein dose escalation study revealed that tumor uptake of in ln-cetuximab-F(ab' ) 2 ii
FaDu model was most efficient at antibody fragment doses 10 ^g/mouse or less, wh
similar to the optimal entire protein dose of n i ln-cetuximab [14]. The accumulation

0

tracer in tumors was mediated by EGFR expressed on the tumor cells, since uptake cou
blocked with an excess of unlabeled cetuximab. The tracer showed nonspecific uptake i

liver and kidneys, presumably due to clearance of radiolabeled catabolites as the chir
cetuximab (fragment) does not cross-react with murine EGFR. in patients, EGFR expre
in the liver will cause specific tracer uptake. in a Phase I clinical trial, in which patients
squamous cell lung carcinoma were imaged with m ln-cetuximab, the dosage of the anti
had to be increased to prevent the liver acting as a sink [19]. Up to 40 mg of cetuximat
taken up by the liver. Administering an enhanced antibody protein dose could saturate
uptake.

The circulatory half-life of F(ab')2 fragments in mice is approximately 12 hours, whi
much shorter than that of the whole IgG (~70 h) [20,21]. In patients, the half-li

cetuximab is approximately 112 h [13,22], making the compound impractical for rapic

dynamic EGFR imaging. Due to the varying turnover rates of tumor cells and prolo
presence of the whole-antibody cetuximab tracer in the circulation, subsequent visualiz

could over- or underestimate the actual amount of EGFR. The relation between ce
dynamics and time of tracer imaging is especially relevant for advanced HNSCC tumors,

proliferating and hypoxic tumor cells have a profound negative impact on the outcon

radiotherapy [23-25]. In addition, EGFR-antibody complexes can be shed into

bloodstream [26], making late imaging less representative of actual EGFR expression Ie

The differences in these time-dependent tumor microenvironmental factors bet'

patients, such as metabolic turnover rates of the immune complexes, can result in b

interpatient variations. More rapid detection methods will improve the methodolc

precision. m ln-cetuximab-F(ab' ) 2 could overcome this essential shortcoming of cetux
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imaging because of its rapid tumor accumulation and fast background clearance, especially
notable in the tumor-to-blood ratios which are by far superior to that of the cetuximab
whole antibody.
The Micro-SPECT images presented here show a good uptake of n i ln-cetuximab-F(ab')2 as
early as 4 h after injection of the tracer, with excellent imaging contrast within 24 h. m lncetuximab had a higher absolute uptake in the tumor, but background levels remained high
and sufficiënt tumor-to-background contrast was only obtained from 3 days after injection
onward.

In contrast, the rapid clearance of lu ln-cetuximab-F(ab')2 enables fast and

repeated imaging.
A good correlation between immunohistochemical EGFR expression and intratumoral
distribution of the cetuximab-F(ab')2 tracer as determined by autoradiography was
observed, indicating that the majority of EGFR expressed in the tumor was targeted by U1lncetuximab-F(ab')2 - However, previous studies have found contrasting results concerning
correlations between cetuximab uptake and EGFR expression in xenografts, suggesting that
the association is dependent on multiple microbiological factors [14,22,27,28], Also, the
issue of the protein fragment dose of the tracer is not trivial as our results show that tumor
uptake is highly dependent on dose level. A possible explanation for the lack of correlation
between EGFR expression and tumor uptake of 89Zr-labeled cetuximab in several tumor cell
lines found by Aerts et al. could be the high cetuximab protein dose of 100 [xg used in their
study, resulting in a reduced tumor uptake of radiolabeled cetuximab and an increased
background signal because of saturation of the EGFR [22].
EGFRvlll is an EGFR mutational variant of significant importance in HNSCC growth and
treatment resistance; study results indicate decreased efficacy of cetuximab in EGFRvlll
expressing HNSCC [29], However, tumor cells overexpressing EGFRvlll in vitro showed high
uptake of cetuximab labeled with the fluophore Oregon Green 488, which suggests potential
for accurate imaging of EGFRvlll with cetuximab [30]. In future studies, it will be of interest
to evaluate the in ln-cetuximab-F(ab')2 tracer in a tumor model expressing mutated EGFR
forms such as EGFRvlll.
EGFR-targeted therapy has become a valuable asset in the pallet of HNSCC treatment.
However, as stated above, not all patients will benefit from combined radiotherapy with
cetuximab. To optimize individual treatment assays, preselection of patients will increasingly
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become a prerequisite. Noninvasive imaging of EGFR, for example by labeling EGF, coul<

verify EGFR expression of a tumor [31,32], but not necessarily provide information aboi

accumulation of anti-EGFR drugs in these tumors. Therefore, EGFR-targeted drugs su

cetuximab, panitumumab or tyrosine kinase inhibitors were labeled for imagir
determine the concentrations of these drugs in tumors [30,33]. Clinical trials have rep
the use of radiolabeled erlotinib to identify non-small cell lung cancer patients with an

mutation status who will benefit from erlotinib-therapy [34]. Cetuximab, as w«

cetuximab-F(ab')2 as demonstrated in this study, binds to EGFR with high affinity, rend
cetuximab an optimal targeting and therapeutic agent for HNSCC. HNSSC ex
heterogeneous EGFR expression that will be modulated during treatment. Cetuximab-F
as an early imaging tooi can visualize and monitor the tumor binding of the therapeutic

invasively and can therefore steer patiënt selection for anti-EGFR-targeted therapv
possibly therapy alterations.

Conclusion

The present study shows that cetuximab F(ab')2 fragments can be used to imag<
heterogeneous EGFR expression in FaDu xenografts. MicroSPECT imaging was optimal

h p.i., though images showed adequate uptake as early as 4 h p.i.. In contrast to the cu

clinical procedures of immunohistochemical staining, the tracer only targets EGFR acce:
for agents administered systemically. Radionuclide imaging of EGFR expression can
indicate the availability of the targetable receptor and the potential effectiveness of
inhibitors. Due to its rapid pharmacokinetics, m ln-cetuximab-F(ab')2 could serve
predictor of tumor susceptibility for EGFR-targeted therapies such as cetuximab and
individualized treatment decisions.
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Abstract
Introduction. This prospective study used sequential PET imaging with the prolifer
tracer 3'-deoxy-3'-[18F] fluorothymidine (18F-FLT) to monitor the early response to treat
of head and neck cancer and evaluated the association between PET parameters and cl
outcome.

Methods. Forty-eight patients with head and neck cancer underwent 18F-FLT PET-CT bi

and during the second and fourth weeks of radiotherapy or chemoradiotherapy. P
maximum standardized uptake values for the hottest voxel in the tumor and

surrounding voxels in 1 transversal slice (SUVmax(9 )) of the PET scans were calculated, as
as PET-segmented gross tumor volumes using visual delineation

(G T V v is )

independent methods based on signal-to- background ratio

and 50% isoconto

( G T V Sbr)

and oper

the maximum signal intensity (G T V so % ). PET parameters were evaluated for correlations
outcome.
Results.

18F - F L T

> 45% and a

uptake decreased significantly between consecutive scans.

G T V v is

S U V maX(9)

de

decrease > median during the first 2 treatment weeks were assoc

with better 3-year disease-free survival (88% versus 63%, p=0.035; 91% versus
p=0.037, respectively).

A G T V v is

decrease > median in the fourth treatment week was

associated with better 3-year locoregional control (100% versus 68%, p=0.021). T
correlations

were

most

prominent

chemoradiotherapy. Due to low

1S F - F L T

in

the

subset

of

patients

uptake levels during treatment,

treated

G T V S0r

and

G'

were unsuccessful in segmenting primary tumor volume.
Condusion. In head and neck cancer, a change in 18F-FLT uptake early during radiothera

chemoradiotherapy is a strong indicator for long-term outcome. 18F-FLT PET may thus i
personalized patiënt management steering treatment modifications during an early pha
therapy.
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Dntroduction
Positron emission tomography (PET) with the glucose analogue 2-[18F] fluoro-2-deoxy-Dglucose (1SF-FDG) is accepted as a powerful molecular imaging method exploiting the
increased metabolic activity of cancer cells. 1SF-FDG PET has found its way into clinical
practice for diagnosis and staging of various cancer types [1,2]. However, interpretation of
18F-FDG PET findings requires caution because of uptake in nonmalignant tissues caused by
peritumoral inflammation and physiologic changes, especially in the head and neck region
[3,4].
Enhanced proliferative activity is an even more characteristic feature of malignant lesions
[5]. Furthermore, especially in squamous cell carcinomas of the head and neck,
compensatory tumor cell proliferation during treatment is a known mechanism adversely
affecting outcome [6]. Various treatment regimens have been developed trying to
counteract this effect, such as accelerated radiotherapy [7,8], chemoradiotherapy [9], or
radiotherapy combined with cetuximab [10], but they also induce increased side effects [11].
Assays to monitor the proliferative activity of tumors before and during treatment may
assist in better selection of patients and possibly also in modification of treatment strategy
based on early response assessment [12].
Thus, an imaging biomarker for PET selectively reflecting cellular proliferation could be of
great clinical value [13], Shields et al. introduced the thymidine analogue 3'-deoxy-3'-[18F]
fluorothymidine (1SF-FLT) as a PET tracer, exploiting the activity of the enzyme thymidine
kinase 1 (TK1) as a measure of proliferative activity [14]. 18F-FLT is phosphorylated by TK1
and trapped intracellularly [14]. During DNA synthesis, TK1 activity increases almost 10-fold.
1SF-FLT trapping is related to TK1 activity and is a measure of proliferative activity [15]. 18FFLT accumulation has been reported in various tumor types [16].
In a preclinical study, single-dose radiation significantly reduced 18F-FLT uptake in murine
SCCVII tumors, whereas no visible change in tumor size or morphology was noted [17], Also,
in imaging studies of patients with head and neck cancer, the 18F-FLT signal declined within 1
to 2 weeks after start of radiotherapy without apparent changes in the tumor volume
[18,19].
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In this study, 48 patients with squamous cell carcinomas of the head and neck under

consecutive 18F-FLT PET-CT scans before and during the course of radiotherap

chemoradiotherapy to assess whether early changes in 18F-FLT PET tumor uptake vc
and signal can predict long-term clinical outcome.

Materials and methods
Patients
Eligibility criteria included newly diagnosed squamous cell carcinoma of the head and

UICC stage ll-IV [20], radiotherapy with or without concomitant chemotherapy with cui
intent, an age of 18 years or older, and written informed consent. Exclusion criteria
surgery as primary tumor therapy, palliative treatment, and pregnancy. Inclusion lasted

July 2006 until August 2008. Follow-up was every 2 months in the first year, every 3 mi
in the second year, every 4 months in the third year and every 6 months in the fourtl
fifth year. At these visits, relevant medical history was taken and the head and neck r
was fully examined (flexible endoscopy, palpation and inspection). When residu

recurrent disease was suspected, further clinical and imaging diagnostics were perform

a patiënt had been released from Standard follow-up, information was sought by conte
the general practitioner or other medical specialists. Follow-up was censored on Dece

31st, 2010. The Institutional Review Board of the Radboud University Medical C
Nijmegen approved the study.

Treatment

For 18 patients, 3-dimensional conformal radiotherapy was used, delivering a dose of (

in 2-Gy fractions to the primary tumor and metastatic cervical lymph nodes and 44 i

electively treated nodes. All other patients were treated with intensity-modulated radi

therapy (IMRT) with a simultaneous integrated boost technique, delivering a dose of f
in 2-Gy fractions to the primary tumor and metastatic cervical lymph nodes and 50.3

1.48-Gy fractions to electively treated nodes. For all patients, an accelerated fraction
schedule was used with an overall treatment time of 5.5 weeks, delivering 2 fractions

during the last 1.5 weeks of treatment. In accordance with institutional guideline
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patients with advanced T3 and T4 tumors, less than 70 years old and without
contraindications for cisplatinum

administration,

were

concomitantly treated with

intravenous cisplatinum, 40 mg/m2, once weekly (Supplemental Fig.).

18F-FLT syrcthesis
18F-FLT was obtained from the Department of Nuclear Medicine and PET research, Free
University Medical Center, Amsterdam, the Netherlands. The synthesis method was
described by Troost et al. [18].

18F-FLT PET-CT acquisition

Before the start of treatment, in the second week of treatment, and in the fourth week of
treatment, integrated 18F-FLT PET and CT images were acquired on a hybrid PET-CT scanner
(Biograph Duo; Siemens/CTI, Munich, Germany). The PET acquisition method was described
previously [18]. All scans were performed with the patiënt supine. An individual head
support and a rigid customized mask covering the head and neck area were used to increase
positioning accuracy and to reduce movement artifacts during image acquisition. Sixty min
after intravenous injection of 250 MBq of 18F-FLT, emission images of 2 bed positions over
the head and neck area were recorded, with 7 min per bed position in 3-dimensional mode.
The PET images were reconstructed using the ordered-subsets expectation maximization
with the parameters optimized for the head and neck area (i.e., 4 iterations, 16 subsets, and
a 5-mm 3-dimensional Gaussian filter [21]) and with correction for photon attenuation
(voxel size, 5.31x5.31x3.38 mm). Additionally, CT images were acquired for anatomie
correlation and attenuation correction using 120 mAs and 130 kV (voxel size, 0.98x0.98x3.00
mm). For contrast enhancement, a 70-mL bolus of nonionic iodinated contrast agent (300
mg/mL) (ioversol, Optiray 300: Tyco Healthcare/Mallinckrodt Inc., Hazelwood, MO, USA) was
given i.v. and the CT was performed with a 40-sec delay in the venous phase.

1SF-FLT PET-CT analysis

After reconstruction, Standardized Uptake Value (SUV) PET images were created with inhouse-developed software correcting for injected dose, tracer decay, and patiënt body
weight. Subsequently, SUV PET images were resliced using the CT format as a reference. The
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SUV PET and CT images were imported into the department's radiotherapy planning sy
Pinnacle3 (version 8.0d; Philips Radiation Oncology Systems, Best, The Netherlands).

this software, consecutive CT and PET scans were registered to the first CT scan using
cross-correlation. Two investigators delineated the gross tumor volume (GTV) of the pr

tumor on the first CT scans (GTVCT) in consensus using all available diagnostic clinica
imaging information. Tumor SUVmax(9 ) was defined as mean uptake of the hottest voxel

i

tumor and its eight surrounding voxels in one transversal slice. Standard regions of inl

(ROls) in normal tissues (brain, parotid gland, tongue, neck musculature, third ce

vertebra bone marrow) were delineated in each scan, at the same anatomical locatioi

every patiënt. From these ROls, mean SUV (SUVmean) was calculated for inte
comparison.

PET tumor segmentation

Several segmentation methods were applied to the primary tumor volume on the 1S

PET images. Visual gross tumor volumes (GTVV|S) contouring of the 18F-FLT PET image:
performed by an experienced radiation oncologist who did not know the treat
outcome.

In addition, an adaptive threshold delineation based on the signal-to-background ratic
performed (GTVSbr) using SUVmaxp) [22]. Mean background uptake was calculated fr

manually defined ROI in the neck musculature (~10 cm3) at a sufficiënt distance fror
vertebrae, the primary tumor, and lymph node metastases. A third method delineate
50% isocontour of the maximum signal intensity in the tumor (GTV50%).

PET parameter differences between scans were calculated as absolute (Scan 1 - Scan 2

relative difference [(Scan 1 - Scan 2)/Scan 1], The difference per radiotherapy frs
between scans was calculated [(Scanl - Scan2)/number of fractions between scar
investigate whether the number of fractions between scans confounded the analyses.

Statistical analysis

The aim of this prospective study was to investigate if changes in 18F-FLT uptake d

treatment can predict clinical outcome. When the study was designed in 2005, no f<

power analysis could be performed, since clinical data regarding the uptake of 18F-F
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advanced-stage head and neck cancer and regarding the degree of possible uptake changes
during radiotherapy or chemoradiotherapy were lacking. It was anticipated that a cohort of
40 evaluable patients would suffice to indicate the value of 18F-FLT PET for early response
assessment. If this could not be demonstrated with 40 patients, the effect would probably
not be of clinical relevance. To compensate for an estimated 25% of patients who would not
be evaluable, the inclusion target was approximately 50 patients. Statistical analyses were
performed using SPSS version 16.0 (SPSS, Chicago, IL, USA) and GraphPad Prism version 4.0c
(GraphPad Software, Inc., La Jolla, CA, USA). The Kolmogorov-Smirnov test was used to
evaluate Gaussian distribution. Correlation was determined by Spearman test. Differences
between paired parameters were tested by Wilcoxon signed-rank or t testing (2 groups) and
Friedman tests (3 groups). Survival was calculated from the date of the first PET examination
until the date of death or until censoring on the date of last follow-up. Three-year diseasefree survival (DFS), locoregional control (LRC) and overall survival (OS) were analyzed using
Kaplan-Meier estimates with the log-rank test for univariate comparison. Continuous
variables were dichotomized at the median. When cutoff at the median was not
discriminative (in 2 instances) a most distinguishing cutoff was sought using receiveroperating-characteristic (ROC) methodology optimizing specificity and sensitivity to obtain
the highest accuracy. A 2-sided p value <0.05 was considered significant.

Results
Patiënt characteristics

Fifty-two patients with 54 tumors were accrued in the study. Four patients were excluded
from evaluation, because they were not treated according to the Standard guideline but
received experimental therapy. Forty-eight patients with 50 head and neck tumors were
thus evaluable (Table 1). All patients underwent 18F-FLT PET-CT scans before therapy
(median, 4 days before first radiotherapy fraction; range, 0-14 days) and all but 2 patients in
the second week (after median 7 fractions; range, 5-12 fractions). After an approved
amendment of the study protocol, the subsequent 29 patients also underwent a third scan
in the fourth week of treatment (after a median of 18 fractions; range, 15-19 fractions). The
reason for this third scan was to investigate whether the substantial decrease of 18F-FLT
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uptake after 1 week continued or if tumor cell repopulation occurring later during the c<

of treatment might increase 18F-FLT uptake again. After completion of therapy, all pal

showed a complete local response. All patients but one showed a clinical complete reg

response. The patiënt with a residual cervical lymph node after radiotherapy under

cervical lymph node dissection. Histology confirmed complete regional response as o

2.9 cm completely necrotic node was found. Patients were followed until death or f

least 2 years (median, 36 months). Median follow-up time for all patients was 32 m<
(range, 8-52 months).

Table 1. Patiënt characteristics and events
Characteristic
Age at baseline PET, years; median (range)

No. (%)
60 (39-75)

Sex(n=48)
Female
Male

10 (21)
38 (79)

Smoking (n=48)
Active
Former
Unknown

33 (69)
12 (25)
3(6)

Alcohol use (n=48)
Active
Former
Never
Unknown

35 (73)
4(8)
4(8)
5(10)

T stage (n=50)
1
2
3
4

1(2)
25 (50)
17 (34)
7(14)

N stage (n=50)
0
1
2a
2b
2c
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22 (44)
6(12)
11(22)
11 (22)
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Table 1 continued
UICC stage (n=50)
II

12 (24)

III

13 (26)

IVA

25 (50)

Histological G rade (n=50)
1

4 (8 )

2

26 (52)

3

11 (22)

Unknown

9 (18)

Prim ary Tum or Site (n=50)
Oral Cavity

1 (2 )

Oropharynx

27 (54)

Larynx

14 (28)

Hypopharynx

8 (1 6 )

Treatm en t (rt=48)
Radiotherapy

33 (69)

Radiotherapy + Chem otherapy

15 (31)

No. of events tum or-related (n=48)
Locoregional recurrence

7 (1 5 )

Distant m etastases*

4 (8 )

Tumor-related death

7 (1 5 )

No. o f events non-tum or-related (rt=48)
Death due to other cause

6 (13)

Second primary tum or after start studyt

8 (17)

* Distant m etastases (pulmonal, skeletal, cerebral, cutaneous) w ere detected
after 7, 9 and 11 months. + Second primary tumors w ere located in the head and
neck area, lungs, esophagus, rectum, bladder and skin_____________________________________

Clinical characteristics and outcome

Estimated 3-year OS rate was 78% (95% confidence interval (Cl) 66-90), LRC was 84% (95% Cl
74-95), and DFS was 79% (95% Cl 67-91).
As expected, patients with a more advanced T- or N-stage had worse LRC [3-year LRC T3
versus T4: 100% (95% Cl 80-100) versus 57% (20-94), p=0.004; N0-1 versus N2c: 91% (80100) versus 64% (35-92), p=0.028]. Also, younger people (< 60) had significantly worse LRC
[3-year LRC 73% (55-92) versus 96% (88-100), p=0.041]. Histological tumor grade and
therapy regimen were not significantly predictive for outcome.
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In the correlation of clinical characteristics with baseline PET-CT parameters, T-stage
only moderately correlated with segmented GTVs on CT and PET (Spearman r=0.34 -

p=0.003 - 0.007). No correlation was found between PET or CT parameters and nodal s
tumor differentiation, or primary tumor location.

Baseline PET parameters and outcome

CT and PET tumor volumes did not correlate with SUVmax(9).

Smaller tumors on CT (< 6.5 cm3)showed significantly better LRC in the whole group a
the subgroup of radiotherapy patients (Table 2). In line with CT volume, patients displ
G T V v is

< 6.5 cm3 showed better LRC, although this was not statistically significant.

Initially, all tumors displayed 1SF-FLT uptake. In patients treated with only radiothera
baseline-scan SUVmax(9) below 6.6 predicted better LRC and significantly better DFS than
baseline SUVmaX(9) above 6.6. In contrast, in patients receiving chemoradiotherapy, an

SUVmax(9 ) below 6.6 predicted worse LRC, DFS and OS than did an SUVmaX(9) above 6.6, th

the difference in OS did not reach statistical significance. For the entire group, SU\
dichotomized at the median was not significantly predictive for outcome (Table 2).

Table 2. Outcome as function of (changes in) PET-CT parameters
Best group by cut-off
level

3-year LRC
p-value

3-year DFS
p-value

3-year OS
p-value

suvmax(9) 1

SUVmax(9) > 6.1*

0.17

0.12

0.52

GTVct 1

G TV ct < 6.5 cm3

0.27

0.13

GTVvis 1

GTVvis < 6.5 cm3

100 (80-100)% vs.
76 (60-92)%
0.044
100 (75-100)% vs.

0.20

0.26

88 (75-100)% vs.
63 (41-85)%
0.035
91 (80-100)% vs.
65 (46-84)%
0.037
100 (78-100)% vs.
56 (30-83)%

0.23

Parameter
All Patients

A SU V max(9) 1-2

decrease > 45%f

79 (65-93)%
0.092
92 (80-100)% vs.
72 (51-93)%
0.066

A GTVVIS1-2

decrease > 41%*

0.21

A G 1Vvis 1-3

decrease > 78%*

100 (78-100)% vs.
68 (41-94)%
0.021
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0.005

0.86

80 (54-100)% v
48 (6-89)%
0.084

TableZ continued

Radiotherapy

suvmax(9) 1

SUVmax(9, < 6.6+

(41-99)%

90 (77-100)% vs. 59
(31-87)%

95 (85-100)% vs. 70

0.59

0.075

0.044

GTVc t 1

GTV ct < 6.5 cm3

100 (79-100)% vs.
73 (50-96)%
0.048

0.26

0.25

GTVvis 1

GTVvis < 6.5 cm 3

0.11

0.20

0.44

decrease £ 45%

0.48

0.20

0.65

A GTVvis 1-2

decrease > 47% *

0.95

0.20

0.27

A GTVvis 1-3

decrease > 77%*

100 (72-100)% vs.

100 (72-100)% vs.
53 (23-83)%
0.013

0.12

A SU V

max( 9)

1-2

66 (34-98)%
0.05

Chem oradiotherapy
S U V max(9)

1

SUVmax(9) £ 6.6*

100 (63-100)% vs.
57 (20-94)%
0.044

100 (63-100)% vs.
57 (20-94)%
0.044

0.080

100 (63-100)% vs.
57 (8-100)%

G T V c rl

GTV ct < 6.5 cm 3

0.63

0.63

0.66

GTVvis 1

GTVvis < 6.5 cm 3

0.63

0.63

0.66

A SUVmax(911-2! decrease £ 45%

A GTVvis 1-2

A GTVvis 1-3

d ecrease > 31%*

*

100 (54-100)% vs.

100 (54-100)% vs.

100 (54-100)% vs.

57 (20-94)%

57 (20-94)%

57 (8-100)%

0.081

0.081

0.10

100 (59-100)% vs.
50 (10-90)%
0.039
t

100 (59-100)% vs.
50 (10-90)%
0.039
t

100 (59-100)% vs.
56 (7-100)%
0.079

t

Numbers following PET-CT param eters refer to first, second or third scan. 3-year survival data per
group are given in percentage (95% Cl interval)% for p values <0.1; for p values <0.05 in bold. For
survival differences with p>0.01, only p value is given. LRC = locoregional control; DFS = disease free
survival; OS = overall survival;

G T V c t=

visually delineated gross tum or volum e on CT;

G T V v is

= visually

delineated gross tum or volume on PET; SUVmax(9) = maximum Standardized Uptake Value; A indicates
difference between baseline scans (1) and subsequent scans (2 or 3); * indicates dichotomization by
the median value; + indicates dichotomization value found through ROC analysis; t indicates not
tested, since too few subjects (n=7).

159

Changes in SUVmax(9) and GTVs during therapy and relation with outcome

Relative to the baseline scan, there was a significant decrease of SUVmax(9) [mean dec

46.0% (± 26.9 Standard deviation; SD) and 69.8% (+ 13.5); Friedman p<0.0001] and (
[mean decrease 33.2% (± 46.9) and 67.8% (± 29.8); Friedman p<0.0001] on the

performed in the second and fourth weeks of therapy (Figs. 1 and 2). These deer
remained statistically significant when the groups of patients treated with radiothera
chemoradiation were analyzed separately. in contrast, no overall significant chan

GTVsbr was observed and GTV50%even demonstrated an increase in the fourth week
reason for these latter findings was the large decrease of SUVmax(9) that had already occ

in the second week of treatment, with the 50% isocontour approaching the level c

background signal. Consequently, the GTVSBr and GTV50% methods became less sensith
discriminating tumor signal from background. For this reason, GTVSBr and GTV50% wer
used for further analysis.
For associations with outcome, both absolute and relative changes in PET parameters
analyzed, with nearly identical results. Therefore, only the results from the relative d

analysis will be presented. The number of radiotherapy fractions that patients rec
between scans did not confound analysis outcome of scan parameters.

An SUVmax(9 ) decrease >45% during the first 2 weeks of treatment was associated w

significantly better DFS [88% (95% Cl 75-100) versus 63% (41-85), p=0.035; Fig. 3]. I
fourth week of treatment, SUVmaX(9 ) in all patients had decreased to an extent that it w
longer discriminative for outcome (Table 2).
A G T V v is decrease above median between the baseline scan and the 2 subsequent scan
associated with significantly better LRC and DFS (Table 2 and Fig. 4). The associatior

most pronounced in the group of chemoradiotherapy-patients, with a DFS of 100% (9.

59-100) for those with >31% (median) decrease after 2 weeks of treatment versus 509

90) for those with <31% decrease (p=0.039, Fig. 4C). For the radiotherapy-only gre
statistically significant effect was not reached until the fourth week of treatment.

Normal tissues

löF-FLT uptake in normal tissues did not significantly differ from baseline in subset

scans, underlining the reproducibility of the imaging method over time. The mean pi
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gland SUVmean was 0.8 ± 0.2 SD in the baseline scan, 0.8 ± 0.2 in scan 2, and 0.7 ± 0.2 in scan
3. For muscle uptake, these values were 0.6 ± 0.1, 0.6 ± 0.1, and 0.5 ± 0.1, respectively. For
brain tissue, mean SUVmean values were 0.3 ± 0.1, 0.2 ± 0.1, and 0.2 ± 0.0, respectively.
Tongue tissue values were 0.7 + 0.2, 0.7 ± 0.2, and 0.6 ± 0.1, respectively. As expected, only
the bone marrow in the cervical vertebra (being a highly proliferative tissue affected by
radiotherapy) showed a significant decrease in 1SF-FLT uptake (Fig. 2). Mean SUVmean of the
third cervical vertebra changed from 2.8 ± 0.8, to 0.5 ± 0.1, to 0.4 + 0.1, respectively (p<0.01
for difference between scans after paired samples t-test and Bonferroni corrections).
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Figure 1. Box plots of SUVmax(g) (A), 6 T V Vis (B), GTVSBR (C) and GTV50!t (D) on consecutive 18F-FLT PET-CT
scans. The bottom and top of each box are the lower and upper quartiles. The black band near the
middle of the box is the median. The extrem es of the lower and higher whiskers represent the
minimum and maximum range-values. * p<0.001; Wilcoxon signed-ranktest.
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Figure 2. 18F-FLT PET-CT before therapy (A/D), in the second week (B/E) and fourth week (C
therapy. The first example (A-C) shows a slow decrease in 18F-FLT uptake (cT4N2bM0 suprai
laryngeal carcinoma treated with chemoradiation; local recurrence after 7 months; later c
metastases) and the second one (D-F) a fast decrease (cT3N1M0 supraglottic laryngeal carci
treated with radiotherapy only; no tumor-related event after 32 months of follow-up).
GTVvis (green) 3D volume change in [A-B] +8% and [A-C] -35%; in [D-E] -60% and [D-F] -66%;
G T V sbr (yellow) 3D volume change in [A-B] +7% and [A-C] +4%; in [D-E] -44% and [D-F] +22%;
GTV50% (red) 3D volume change in [A-B] +11% and [A-C] +102%; in [D-E] +30% and [D-F] +247%;
SUVmax(9,change in [A-B] -35% and [A-C] -70%; in [D-E] -58% and [D-F] -69%.
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scan 1 and 2 for all patients (A), the radiotherapy group (B) and the chemoradiotherapy group (C). Pvalues 0.037, 0.203 and 0.039, respectively.
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Discussion

Accelerated tumor cell repopulation is an important cause of treatment failure in heai
neck cancer [6]. Visualizing the proliferative tumor cell compartment and early treat
modifications to counteract this resistance mechanism can help improve outcome. Dec
for more aggressive therapy, such as chemoradiotherapy, accelerated radiotherapy,

combination of radiotherapy with cetuximab to counteract proliferation, are curi
driven by clinical and radiologie tumor characteristics and by patiënt factor

individualized therapy strategies, additional information from 1SF-FLT PET could I
complementary value in intensifying treatment if needed and, possibly, in de-esca
treatment when early evaluation indicates high treatment responsiveness.
In this study, patients with head and neck tumors were prospectively evaluated

repetitive 18F-FLT PET-CT scans before and early during therapy, to analyze associc
between scan characteristics and clinical outcome after prolonged follow-up. In pa
who are routinely treated with radiotherapy, a pre-treatment 1SF-FLT PET scan with

SUVmaX(9 ) (>6.6) predicts poor outcome and thus could sway the decision toward the ad<

of chemotherapy to reduce the observed high proliferation rate. This is strengthened fc

observation that in the group of patients treated with concurrent chemoradiotherapy, <

treatment SUVmax(9) >6.6 was associated with better outcome, suggesting that the additi
chemotherapy might be particularly relevant for highly proliferative tumors. Chemoth

most likely enhances the antiproliferative effect of the accelerated irradiation sche
ultimately resulting in improved treatment outcome.

Serial PET-CT scans of 1SF-FLT demonstrated a decrease of the proliferative activity d
therapy, as reported earlier in a radiotherapy dose-planning exercise including 10 patie

the current study cohort [18]. Greater decline in tumor uptake was predictive of t

clinical outcome in DFS and LRC, with a particular strong early association in the gro
patients treated with chemoradiotherapy. A possible limitation to this study is that,

though 18F-FLT PET-CT parameters displayed a clear prognostic potential on univ:

analysis, a robust multivariate analysis correcting for various clinical and pathologie vari
was precluded by the relatively small study population with too few outcome events.
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As to the timing of 1SF-FLT PET scans during therapy, the results suggest that evaluation is
best done in the second week of treatment. Later measurements did not add much
information, and the 18F-FLT PET signal became more difficult to quantify due to decreasing
signal-to-noise ratios. in addition, if adjustments of the treatment strategy are anticipated,
this should be decided as early as possible after start of therapy.
Early evaluation of the response to therapy has been assessed using 18F-FLT PET in several
malignancies [23-32]. in 30 patients with recurrent glioma treated with bevacizumab, 18F-FLT
uptake changes after 6 weeks of treatment were predictive for patiënt outcome, with a
median OS 3.3 times longer in PET responders than in nonresponders. Assessment of
response using PET was superior to that using MRI imaging [28], in a study with 34 patients
with stage IV non-small cell lung carcinoma treated with erlotinib, Zander et al.
demonstrated that 1SF-FLT PET can predict progression-free survival [32]. in contrast, in a
study of 10 patients with advanced rectal cancer, no direct relationship was found between
a

decrease

of

1SF-FLT

PET

signal

during

neoadjuvant

chemoradiotherapy

and

histopathological tumor regression after resection [29],
Overall, the published data on 18F-FLT PET for early response evaluation in most solid tumor
types concur that a greater decrease of 18F-FLT uptake is associated with a better treatment
response. However, all previous studies have been performed either in palliative situations
or with limited numbers of patients. Furthermore, most have had a relatively short follow-up
and endpoints with less relevance for a curative situation (e.g., response according to
Response Evaluation Criteria in Solid Tumors). The current study had a larger cohort, with
well-defined endpoints (LRC and DFS) and adequate follow-up (minimum of 2 years for
surviving patients). In head and neck cancer, most recurrences are diagnosed within 2 years
after treatment.
Previous studies on often nonuniformly treated cohorts patients with head and neck cancer
reported the prognostic potential for the more commonly used PET tracer 18F-FDG [33-35].
High pretreatment 1SF-FDG uptake was associated with poor outcome. There are several
reports in the literature concerning the utility of 18F-FDG PET-CT in providing prognostic
information and as a tooi for assessing treatment response 3 months after completion of
radiotherapy or chemoradiotherapy in patients with head and neck cancer [36,37]. However,
post-therapy assessment is useless when one is aiming for early treatment modification to
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improve outcome or reduce overtreatment. One recent study in 37 patients with heai

neck cancer treated with chemoradiotherapy found associations between changes ii

FDG uptake during therapy and tumor control [38]. Another group did not observf
correlation after 2 weeks of chemoradiotherapy in 26 patients with head and
squamous cell carcinoma but found a prognostic value for 18F-FDG PET-CT performed 8
weeks after therapy with regard to disease-specific survival and relapse-free survival
Although a previous study showed that untreated laryngeal squamous cell tumors disp

a higher uptake of 1SF-FDG than 18F-FLT [40], all analyzed tumors in the current stu<
different locations in the head and neck area, showed clearly discernable and quanti
18F-FLT uptake on pre-treatment PET scans. Moreover, 18F-FLT uptake-reduction cou
followed

during

treatment,

whereas

(radiotherapy-induced)

peritumoral

mu

inflammation may result in false-positive 18F-FDG PET readings and can hamper acc
tumor volume measurements for this tracer.

In this study, 2 (semi-)automatic segmentation methods were applied for delineatii
tumor volumes on the repetitive 18F-FLT PET scans. GTVs defined using the sign

background ratio method and the 50% isocontour of the maximum signal coulc

accurately define tumor areas during therapy because of the deteriorating signal-to-

ratio and 50% isocontours approaching the background level. During treatment, C
reduction was prognostic for treatment outcome. However, since visual delineati

subject to applied window-level settings and the physician's expertise, opei

independent (automated) segmentation algorithms are required. This is a topic of cu
research.

Conclusion
This study demonstrated uptake of the proliferation PET tracer 1SF-FLT in all studied

and neck squamous cell cancers and a significant decrease in tracer uptake during the 1

weeks of radiotherapy or chemoradiotherapy. Greater decrease in 18F-FLT uptake ii

second week of treatment predicted a more favorable long-term outcome. Given the n

that tumor cell proliferation is a mechanism of therapy resistance, 18F-FLT PET sl
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provide an effective decision tooi for early and personalized treatment adaptation in
patients with head and neck cancer.
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weekdays. In the last 1.5 w eeks, patients w ere given 2 fractions daily. The red vertical ticks
represent, besides radiotherapy fractions for all patients, w eekly concom itant doses of cisplatinum
40 mg/m2, given to 15 patients of the cohort. 3D conformal and IMRT radiation schedules are
described in the M aterials and M ethods section of the manuscript. 1SF-FLT PET-CT imaging is depicted
by vertical arrows above the horizontal time-line. Pre-treatment 18F-FLT PET-CT scans w ere obtained
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patients during the fourth w eek (after median 18 fractions).
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Abstract
Introduction. Radiotherapy of head and neck cancer induces changes in tumo

proliferation during treatment, which can be depicted by the PET tracer 18F-fluorothyn
(18F-FLT). In this study, 3 advanced semiautomatic PET segmentation method
delineation of the proliferative tumor volume (PV) before and during (chemo)radioth
were compared and related to clinical outcome.
Methods. Forty-six patients with 48 squamous cell carcinomas of the head and neck, tr

with accelerated (chemo)radiotherapy, underwent 18F-FLT PET-CT prior to treatment i
the second and fourth week of therapy. Primary gross tumor volumes were vi

delineated on CT images (GTVCT). Proliferative tumor volumes were visually determim
all PET scans

(PVvis)-

Semiautomatic segmentation methods were applied to sequenti;

scans: background-subtracted relative-threshold level (PVRTL), a gradient-based mi
using the watershed transform algorithm and hierarchical clustering analysis
fuzzy locally adaptive Bayesian algorithm
Results. Pre-treatment
and

PVw&c

PVvis

(PVw& c),

(P V flab )-

correlated best with

P V FLAb and G T V CT.

Correlations with

were weaker although statistically significant. During treatment, the

significant decrease over time. Of the semiautomatically segmented
significant changes.

PVw&c

and

decline over time for

P V flab- Among these

P V flab

P V v issh

P V s, P V rtl

showi

showed a significant decrease, with the ste
advanced segmentation methods,

P V flab

was

robust in segmenting volumes in the third scan (67% of tumors as compared to 40
PVw&c

and 27% for P V rtl).

P V flab

decrease above median between the pre-treatment

and the scan obtained in the fourth week was associated with better disease-free surviv
year DFS 90% versus 53%).
Conclusion. In head and neck cancer patients, FLAB proved to be the best perfo

method for segmentation of the proliferative tumor volume on repetitive 18F-FLT P

scans during (chemo)radiotherapy. This may potentially facilitate radiation dose adapl
to changing proliferative tumor volumes.
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Introduction
In patients with advanced stage squamous cell carcinomas of the head and neck (HNSCC),
radiotherapy with or without concomitant chemotherapy is commonly the treatment of
choice. Although accurate delineation of the gross tumor volume (GTV) is pivotal for high
precision radiation therapy, the current use of anatomical imaging (i.e., CT and MRI) for
tumor delineation holds significant uncertainty due to inter- and intra-observer variability
[1]. HNSCC display a number of characteristics that may adversely affect treatment
outcome: intrinsic radiation sensitivity, tumor cell hypoxia and tumor cell repopulation
during radiotherapy [2,3], The latter tumor resistance mechanism may be counteracted by
concurrently administering targeted therapy such as epidermal growth factor receptor
(EGFR) inhibitors, or by accelerating radiation schedules [4,5]. Alternatively, enhanced dose
delivery to the proliferative tumor subvolume may compensate for prolonged overall
treatment times in conventional once-daily radiation schedules. Ideally, one would like to
monitor tumor proliferation during treatment to steer counteractive measures based on the
repopulative response.
Positron emission tomography (PET) is a noninvasive imaging modality capable of depicting
functional characteristics of the entire tumor volume before and during treatment. 18Ffluorothymidine (18F-FLT), a thymidine analogue, is a PET tracer reflecting cellular
proliferation [6]. As opposed to 18F-fluorodeoxyglucose (18F-FDG), 18F-FLT does not
accumulate in inflammatory tissue [7], which is frequently found in / near primary tumors of
the head and neck or induced during the course of (chemo)radiotherapy. It has previously
been demonstrated that 18F-FLT accumulates in HNSCC, and that uptake diminishes
significantly during therapy, preceding morphological changes [3,8-10]. Similarly, 18F-FLT
uptake in HNSSC has been shown to result in reproducible standardized uptake values
(SUVs) before and during treatment [11,12], and is therefore suitable for early response
monitoring. Thus, sequential 1SF-FLT PET may help to identify highly proliferative tumor
(sub)volumes, and to select patients eligible for individual treatment modifications,
ultimately leading to improved treatment outcome.
In order to transfer tailored therapy approaches from a research setting to the clinical
practice, the proliferative tumor volume (PV) should be accurately and objectively
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delineated. Several semiautomatic segmentation methods for PET functional vc
determination have been developed over the last few years. Most of them have

validated using synthetic / simulated datasets, simplistic phantom acquisitions, visual t

delineation and, occasionally, against histopathological specimens [13-17], In additioi

majority of the clinical evaluation studies using such algorithms have considered 1SI
tumor imaging.
The goal of the present study was to compare 3 semiautomatic PET segmentation me
for derivation of proliferative tumor volumes in primary HNSCC on sequential 18F-FL

imaging before and during (chemo)radiotherapy. The abilities of these methods to d

usable and coherent proliferative volume segmentations were assessed and comparec

that of visually delineated proliferative tumor volumes as a reference. Furtheri
segmented proliferative volumes were related to clinical outcome.

Materials and methods
Patients

From July 2006 until September 2008, eligible patients aged 18 years or older with i

diagnosed UICC stage ll-IV HNSCC, treated with (chemo)radiotherapy with curative ii

were included in the study. Exclusion criteria were surgery as primary tumor the
palliative treatment and pregnancy. The Institutional Review Board approved the stud

written informed consent was obtained from all patients. To evaluate clinical out<

patients were followed until death or otherwise for at least 3 years. Follow-up was revi
until December 31st, 2011.

Treatment

Eighteen patients were treated with 3-dimensional conformal radiotherapy delivering a

of 68 Gy in 2 Gy fractions to the primary tumor and metastatic cervical lymph nodes, a

Gy to electively treated nodal levels. The other patients were treated with inti
modulated radiation therapy with a simultaneous integrated boost technique, delive

dose of 68 Gy in 2 Gy fractions to the primary tumor and metastatic cervical lymph n

and 50.3 Gy in 1.48 Gy fractions to electively treated nodal levels. In all patienl

174

accelerated fractionation schedule was used with an overall treatment time of 5.5 weeks,
delivering 2 fractions daily during the last 1.5 weeks of treatment. In accordance with
institutional guidelines, 14 patients with cT3 and cT4 tumors, without contra-indications and
age below 70 years, were concomitantly treated with intravenous cisplatinum, 40 mg/m2,
once weekly.

1SF-FLT PET-CT imaging
18F-FLT was obtained from the Department of Nuclear Medicine and PET Research, Free
University Medical Center, Amsterdam, The Netherlands. The procedure for 1SF-FLT
synthesis and purification has been described elsewhere [3,18], 18F-FLT PET-CT of the head
and neck region was performed using a PET-CT scanner (Biograph Duo; Siemens/CTI,
Munich, Germany). All patients received a 18F-FLT PET-CT scan prior to treatment, a second
18F-FLT PET-CT scan was performed in 44 patients, followed by a third scan in 28 patients.
The first 14 patients accrued for the study did not receive a third 18F-FLT PET-CT scan
because this was added in an amendment of the study protocol authorized by the
Institutional Review Board 7 months after initiation of the study. All scans were acquired
with the patiënt in supine position, immobilized with an individual head support and a rigid
customized mask to increase positioning accuracy and to prevent movement during image
acquisition. Emission images of the head and neck area were recorded 60 min after
intravenous injection of approximately 250 MBq of 18F-FLT. Two bed positions were
recorded with a 7-min acquisition time per bed position. PET images were reconstructed
using the ordered-subset expectation maximization iterative algorithm with parameters
optimized for the head and neck region (4 iterations, 16 subsets, and a 5-mm full width at
half maximum (FWHM), 3-dimensional Gaussian filter) and a matrix size of 128x128x94.
Correction for radioactive decay to the start of the scan was applied to the PET images.
Simultaneously, an intravenous contrast-enhanced (Optiray 300; Tyco Healthcare /
Mallinckrodt Inc., Hazelwood, MO, USA) CT scan for anatomie correlation and PET
attenuation correction was acquired (120 mAs, 130 kV, rotation time: 1.0 sec, slice
collimation: 2.5 mm, and feed 4.3 mm).
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Image analysis

PET and CT images were imported into the radiotherapy planning system Pinnacle3 (ve
8.0d; Philips Radiation Oncology Systems, Best, The Netherlands). With this soft

consecutive CT and PET scans were resampled and registered to the first CT scan using i

correlation and rigid transformation. Tumor SUVmax was defined as the mean SUV c
hottest voxel in the tumor and its 8 surrounding voxels in one transaxial slice,
experienced radiation oncologists delineated the GTV of the primary tumor on the CT

in consensus using all available clinical and anatomical information. The proliferative vc
(PV) on the consecutive 18F-FLT PET images was visually delineated (PVvis) by a tr
radiation oncologist. In previous publications, the value of SUVmax and 2 commonly

segmentation methods, the 50% isocontour of SUVmax and signal-to-background ratic

methods, have already been addressed in the patients from this cohort and were ther

not reassessed here [3,9]. The following 3 semiautomatic segmentation method
determining the PV were applied. The first was the iterative background-subtracted rel

threshold level (RTL) using Pinnacle3 scripts (PVRTL). This model-based method pre

threshold levels independent of the signal-to-background ratio (SBR) and is based o

convolution by the scanner's point spread function (PSF) of a sphere that takes into ao
the differences in sphere sizes and scanner resolution [14]. Thresholds for RTL
iteratively derived using the adopted PVvis volumes and background uptake thal
calculated from a manually defined ROI in the neck musculature (~10 cm3) at suff

distance from the vertebrae, the primary tumor, and lymph node metastases. This itei

algorithm was applied until the threshold level changes were less than 0.1%. In the st

method, the PV derived from the watershed transform and hierarchical clustering m<
(W&C;

PVw&c)

segmentation was created using the Matlab-based program IMRE v

(Université Catholique de Louvain, Belgium) [15]. This is a gradient-based method \
allows for a better estimation of the gradiënt intensity by first denoising with an

preserving filter and a partial volume effect correction with a constrained itei

deconvolution algorithm before gradient-based delineation is applied. A PSF with a F'
of 8 mm was chosen to deconvolve the images. Visual inspection of the segmented vol
allowed for more accurate positioning of the volume of interest in which the aigo

performed the segmentation. In the final method, the PV derived from the fuzzy li
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adaptive Bayesian (FLAB) algorithm

(P V FLab)

was obtained using specifically designed

software (ImageD, LaTIM INSERM laboratory, Brest, France) [19]. This approach is based on
computing the probability for each voxel to belong to a given class (i.e., tumor or
background) by taking into account the intensity with respect to the statistical distributions
of the voxels in the various regions of the image, as well as spatial correlation with
neighboring voxels. in cases where the automatic FLAB algorithm initialization procedure led
to unsatisfactory results at visual inspection, the user exploited the available option of
manually adjusting initialization parameters (mean and/or Standard deviation of tumor
and/or background uptake), in order to restart the automatic FLAB volume estimation
process once more.
Image segmentation was not performed when the radiation oncologistand nuclear medicine
physician were unable to identify any 1SF-FLT accumulation within known lesions. Before
accepting the results, both medical specialists visually inspected the segmented PV obtained
by the semiautomatic algorithms. Segmentation was deemed successful if it adhered to the
anatomical boundaries of the primary tumor as defined in the first CT scan, and did not
delineate a large area of evidently normal tissue.

Statistical analysis
Differences between groups were tested using linear mixed model analysis (random
intercept patiënt effect, fixed method effects). Using untransformed PV as dependent
variable lead to relatively large skewness (6.38) of the residuals. Therefore, the volumes
were logarithmically transformed, resulting in a considerably smaller skewness of 0.96,
enabling parametric analysis. Correlations were determined using the Pearson test.
Median follow-up was determined using the inverse Kaplan-Meier method. The changes in
CT GTVs and PET PVs during treatment were correlated with long-term clinical outcome.
Four-year locoregional control (LRC), disease-free survival (DFS) and overall survival (OS) [+
Standard

error of the mean (SEM)] were analyzed using Kaplan-Meier estimates and

compared using the log-rank test. LRC was defined as no recurrence of primary tumors or
cervical lymphadenopathy at the date of last follow-up. DFS was defined as freedom from
locoregional or distant recurrence at the date of last follow-up. OS was defined as the time
to the date of death from any cause, or patients were censored at the date of last follow-up.
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Survival parameters were related to the date of the first PET-CT scan. Continuous var

were dichotomized at the median. Two-sided p values <0.05 were considered to in
significance.

Statistical analyses were performed using SAS version 9.2 (SAS institute Inc., Cary, NC
and GraphPad Prism version 5.04 (GraphPad Software, La Jolla, CA, USA).

Results
Patiënt characteristics

Fifty-two patients with 54 primary HNSCC were accrued in the study. Six patients

excluded from the present analysis: 2 due to technical difficulties and 4 because they
treated in a clinical phase III trial incorporating modification of the tumor oxygenation
[20], which deviated from the Standard institutional treatment guideline. Therefore, th

population eligible for analysis consisted of 46 patients undergoing (chemo)radioth
with 48 HNSCCs in total. The average age was 60 years at enrolment in the study, n

from 39-75 years. Median follow-up was 52 months (range, 8-65 months). The

treatment 18F-FLT PET-CT scan was performed at a median of 4 days (range, 0-14) t
start of treatment in all patients, the second scan in the second week [after a media
fractions (range, 4-12)] in 44 patients with 46 tumors, and the third scan in the fourth

of (chemo)radiotherapy [after a median of 18 fractions (range, 15-19)] in 28 patients w
tumors. Patiënt and tumor characteristics, as well as events are presented in Table 1.

Comparison of CT-delineated Gross Tumor Volumes and PET-segmented Prolife
tumor Volumes on pre-treatment scans

Fig. 1 shows the CT-delineated GTVs and the PET-segmented PVs on the pre-trea

scans. The mean PVs ranged from 9.4 cm3 to 14.4 cm3. All segmentation methods resul
significantly different PVs (p=0.003). PVV|S was the largest (mean volume ± sta
deviation

(S D ),

14.4 ± 12.7 cm3) and correlated best with

P V FLab

and GTVCT (Pe

correlation coëfficiënt: r=0.85, p<0.0001; /^0.88, p<0.00001, respectively). Correlatie
PVyis

with PVRTL and PVwac were weaker, although statistically significant

p<0.0001;
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PVw&c:

r=0.77, p<0.0001).

(P V RTl : r;

Table 1. Patiënt and tumor characteristics, as well as events

Characteristic

No. (%)

G ender

Female

9 (20)

Male

37 (80)

T stage
1

1 (2 )

2

25 (52)

3

15 (31)

4

7 (1 5 )

N stage
0

21 (44)

1

6(1 2)

2

21 (44)

3

-

UICC stage
1!

12 (25)

III

12 (25)

IVA

24 (50)

Histological Grade
1

4 (8 )

2

24 (50)

3

11 (23)

Unknown

9 (1 9 )

Prim ary Tum or Site

Oral Cavity
Oropharynx
Larynx
Hypopharynx

1 (2 )
25 (52)
14 (29)
8 (1 7 )

Treatm ent

Radiotherapy
Radiotherapy + Chemotherapy

32 (70)
14 (30)

No. of events

Locoregional recurrence
Distant metastases
Tumor-related death
Death due to other cause

8 (1 7 )
5 (1 1 )
8 (1 7 )
11 (24)
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Delineation of Proliferative tumor Volumes on repetitive 18F-FLT PET-CT scans

Previous studies have demonstrated that 18F-FLT

S U V max

decreased significantly t

treatment [3,9]. CT did not show a significant decrease until the fourth week of treai

[mean decrease 1.6 cm3 / 7% between scan 1 and 2 (p=0.1); mean decrease 4.8 cm3,
between scan 1 and 3 (p<0.0001)]. Regarding the proliferative volumes, the

P V Vis

sho'

significant decrease between subsequent 18F-FLT PET-CT scans (p<0.0001) (Fig. 1). Ch

in PVrtl were small and not statistically significant (overall difference between :
p=0.33).
P V flab

PVw&c

than in

and

P V FLab

P V w &c

both showed a significant reduction, with a steeper decre;

(p<0.0001 for decrease in

P V FlAB

between all scans and in

I

between scan 1 and 2; and p=0.16 (n.s.) for PVW&C decrease between scan 2 and 3).

As is illustrated in Figs. 2 and 3, the RTL, W&C and FLAB methods showed a consid(

decrease in the percentage of PV delineations deemed successful on the second and
scan. FLAB demonstrated a higher success rate than RTL and W&C (e.g. in the third
67% of tumors as compared to 40% for PVw&cand 27% for P V rtl).

Influence of the primary tumor site and the treatment regimen on proliferative 1
volumes.

Since the delineation of oropharyngeal tumors on 1SF-FLT PET may be hamper<

proliferative activity in nearby lymphoid tissues [21], the influence of the tumor site c
performance of the segmentation methods was assessed. On the pre-treatment scans,

was no statistically significant difference in the proportion of PV delineations de
successful between the various segmentation methods when comparing oropharynge;

oral cavity tumors with HNSCC at other sites (p=0.36). However, the percenta;
segmentations deemed successful during treatment was in general lower for tumors
oropharynx and oral cavity than in tumors at other tumor sites (Table 2). The change
during (chemo)radiotherapy was not related to the primary tumor site (data not shown

There were no significant differences in PV changes over time between the pa
receiving radiotherapy and those receiving chemoradiotherapy. The number of succ

segmentations on the second scans was comparabie between both treatment group

conclusions could be drawn regarding the percentage of accurate segmentations o
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third scans in relation to treatment due to the small number of patients in the
chemoradiotherapy group (Table 3).

B

vlsual ooniouring

FLAB

RTL

CT

Scanl
n=38

W&C

100;
60

Ss 10
E

*
Scanl

Scan 2

n=44

n=36

Scan 3

n=12

Figure 1. Box-and-whisker plots of successfully delineated PVs of segmentation methods on
consecutive 1SF-FLT PET-CT scans: visual delineation (A), RTL (B), W&C (C) and FLAB (D). The CT gross
tum or volumes are depicted in (E). The bottom and top of each box represent the 25% percentile and
the 75% percentile. The horizontal line within the box is the median. The lower and higher extremes
of the whiskers represent the minimum and maximum values.
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m

|
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RTL

W&C

Scan 1
El Scan 2
r»~-

FLAB

Figure 2. Rates of accurate tumor segmentation for the 3 segmentation methods RTL, W&C am
in comparison with visual delineation on PET images, as a percentage of all F-FLT PET-CT
performed.

Figure 3. PVRTL (red) and PVFLab (blue) in the pre-treatment scan (A), after 7 fractions (B) and al
fractions (C) of radiotherapy in a patiënt with a CT4N0M0 oropharyngeal tumor who was t
with radiotherapy only. When 1SF-FLT uptake was evidently higher in the tumor than in surroi
tissues, both segmentation algorithms gave approximately the same segmentation (A,B). <
tumor 18F-FLT signal approached background levels (C) and the proliferating tumor volume deci
significantly, the RTL algorithm produced a segmentation, which overtly expanded beyond the
tumor boundaries (as delineated on the primary CT scan), and was thus termed "unsuccesful".
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Table 2. Percentages of PV segm entations by RTL, W &C and FLAB deem ed successful on
consecutive scan s for oropharyngeal / oral cavity tum ors versus HNSCC at other sites
Segm entation m ethod Scan 1

o ro p h aryn x/ oral cavity (n=26)

other HNSCC Jn=22)

RTL

73%

86%

W&C

88%

91%

FLAB

100%

100%

Segm entation m ethod Scan 2

o ro p h aryn x / oral cavity (n=26)

other HNSCC (n=20)

RTL

65%

75%

W&C

77%

80%

FLAB

88%

100%

Segm entation m ethod Scan 3

oropharynx / oral cavity (n=15)

other HNSCC (n=15)

RTL

30%

20%

W&C

20%

60%

FLAB

67%

80%

Table 3. Percentages of PV segm entations by RTL, W &C and F LAB deem ed successful on
consecutive scans in patients treated w ith radiotherapy versu s chem oradiotherapy
Segm entation m ethod Scan 1

Radiotherapy (n=34)

Chem oradiotherapy (n=14)

RTL

82%

71%

W&C

91%

93%

FLAB

100%

100%

Segm entation m ethod Scan 2

Radiotherapy (n=34)

Chem oradiotherapy (n=12)

RTL

68%

67%

W&C

74%

92%

FLAB

91%

100%

Segm entation m ethod Scan 3

Radiotherapy (n=24)

Chem oradiotherapy (n=6)

RTL

33%

0%

W&C

38%

50%

FLAB

71%

50%
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Correlation between semiautomatic segmented PV changes in sequential

:-FLl P

scans and clinical outcome

Changes in the CT-based GTVs during (chemo)radiotherapy were not significantly corri

with treatment outcome. Due to the low number of successful segmentations durir
course of (chemo)radiotherapy,
PVw&c

P V RTl

was not related to treatment outcome. Chani

between pre-treatment and the subsequent

for outcome. For

P V flab,

2

scans were not significantly pree

a decrease between the pre-treatment scan and the scan ac(

in the fourth week of therapy of more than 7.39 cm3 (median) was predictive for a bel
year DFS (90% ± 9.5 versus 53% ± 17.6, p=0.04; Fig. 4). Neither a correlation between

obtained at two weeks and outcome parameters, nor a correlation between PVflab obl
at four weeks and LCR or OS at 4 years was found (results not shown).
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Figure 4. Patients with a PVFLAb decrease above the median between the baseline scan and th

in the fourth week of (chemo)radiotherapy demonstrated a better DFS than patiënt with a
decrease below the median.
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Discusssion
In this study in patients with advanced HNSCC, of 3 semiautomated PV segmentation
methods, the highest percentage of delineations deemed successful was obtained using the
FLAB algorithm. The reduction in PVFLAB during therapy was also correlated with clinical
outcome.
Common and easy to use automated segmentation methods, using fixed thresholds such as
the 50% isocontour of the SUVmax, are subject to criticism because the threshold is fixed
arbitrarily. These methods are sensitive to contrast variation as well as to noise [22,23]. In a
recent study, we showed that PV50% led to grossly overestimated functional volumes on
repetitive imaging, and therefore this method was dismissed from in-depth analysis [9], The
same holds true for the adaptive threshold segmentation method SBR developed by Daisne
et al. [13]. The decrease in signal-to-background contrast during treatment hampers this
segmentation method.
The RTL method, being independent of the tumor-to-background ratio because of
background subtraction, and being based on tumor radius and image resolution only [14,23],
was the least robust advanced semiautomatic segmentation method in this study, especially
for the third scan. On visual inspection of the results, the segmented PVRTl encompassed
normal vital structures, such as vertebrae, vessels, submandibular glands, tongue, and soft
palate, and thus the resulting segmentations were considered unsuccessful. An example of
this can be seen in Fig. 3. These unsuccessful segmentations were probably due to a reduced
performance of RTL when proliferative tumor volumes became smaller than the FWHM of
the point-spread-function of the PET-CT scanner during (chemo)radiotherapy, and to a
decrease in contrast between tumor and surrounding tissue on repeated PET-CT scans [14].
Also with the gradient-based W&C method, the number of successful segmentations
diminished considerably, albeit that the overall success rate was higher than with the RTL
method. "Semiautomatic corrections" imply that the volume of interest for the algorithm
can be changed and small changes in the binning step can be made. Similar to the previously
discussed methods, the dissociation between low 1SF-FLT uptake in PET positive volumes and
the background on per-treatment scans hampered the accuracy of this method. The uptake
registered as background uptake might even be increased in the W&C method, because of
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pre-processing steps. Notably, the gradient-based methodologies have been validate
accuracy against phantom images [15], as well as histopathology in head and neck ti

[15] and lung tumors [24,25]. They have also been applied to clinical datasets to c

image-based parameters of clinical prognostic value [26,27]. However, the W&C mi

was validated using 1SF-FDG datasets only, and in this study using repetitive 1SF-FL'
scans, performance of this method decreased during therapy.
The FLAB segmentation method resulted in the highest percentage of segment;
deemed successful, and the delineated tumor volumes decreased significantly over

However, it should be emphasized that this high success rate resulted from m

adjustment of the input parameters (mean and/or Standard deviation of tumor a

background uptake); this user-dependent operation was performed in 6% of the first, 2
the second and 55% of the third scans. The possibility to manually adjust the
parameters during segmentation thus seems to be an advantage over the

semiautomatic segmentation methods, but also induces operator dependency. FLAB i
sensitive to image noise than the other segmentation approaches tested her

robustness, reproducibility and repeatability have been assessed for (sequential) 1SF

and pre-treatment 18F-FLT PET imaging of primary tumors at different sites [2i
Furthermore, a number of the 1SF-FDG image-derived parameters obtained with the

algorithm have been proven to be of prognostic and predictive value [32,33]. To dal
FLAB volume measurements on sequential 1SF-FLT PET images had been performed.
A limitation of this study was that the results of the segmentations could not be vali

against histopathological resection specimens, as this treatment regimen was chose
organ preservation purposes. This also precluded immunohistochemical verificatii

proliferation decreases during therapy as found with the consecutive PET-CT <
However, a previous study has validated the use of 18F-FLT against immunohistoche
proliferation markers for primary HNSCC [34].
Since we could not validate segmentation methods against a ground-truth, we com

semi-automated segmentations with manually delineated proliferative volumes. P\
highly inter- and intra-operator dependent and reliable application requires a learning
and strict regulation of, e.g., PET image window-ievei settings. However, when

standardization is applied, this method can be used for qualitative assessment c
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capacity of the automated algorithms to delineate a proliferative volume; i.e. if an
intratumoral volume with an 1SF-FLT uptake level above that of the background and of
surrounding tissues is discerned qualitatively, an "ideal" automated segmentation algorithm
would be capable of segmenting a proliferative volume within the physical boundaries of the
tumor. If the tested method proves incapable to achieve this, it may be assessed as
"unsuccessful".
In an earlier analysis of the current patiënt cohort, we observed that a SUVmax decrease of
45% or more, or a

P V V is

decrease of 41% (median) or more in the second treatment week

was associated with a better 3-year DFS rate [9]. Among the semiautomated algorithms
evaluated here, only a decrease in

P V fla b

was predictive of 4-year DFS, but not until the

fourth week of treatment. The combined results from the studies in this cohort indicate that,
although

P V f la b

decrease is useful for prognostication purposes, decisions on early

treatment alterations might best be founded on SUV-based observations. However, SUV by
itself does not convey information about the proliferative tumor volume. The FLAB
segmentation method can supply robust volumes before and during therapy. Defining the
SUVmax and the proliferative volume on 1SF-FLT PET prior to treatment may help to identify
patients who will benefit from customized anti-proliferative treatment, such as accelerated
radiotherapy [4], or the addition of anti-proliferative systemic treatment to radiotherapy,
e.g. EGFR inhibition [5]. In patients not eligible for these two treatment approaches,
enhanced dose delivery to the FLAB-defined proliferative tumor subvolume during
treatment, as it changes during therapy, may compensate for prolonged overall treatment
times in conventional once-daily radiation schedules [3].

FLAB-based 18F-FLT PET

segmentation may be a guidance tooi with respect to target volume reduction in patients
who show an excellent proliferative response during therapy and may receive overtreatment when the original target volume is adhered to. These assumptions need to be
explored in further investigation to warrant eventual clinical application of P V FLabThe present study indicated that FLAB is a promising candidate for radiation target volume
adaptation based on sequential 1SF-FLT PET scanning. However, there is a need for improved
automatic initialization of the FLAB method before it can be applied with reduced user
dependency in common clinical practice. Similarly, results obtained with the gradient-based
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method could be improved by adjusting pre processing steps for 18F-FLT data and/or
manual adjustment.

Conclusion

In this study, the FLAB algorithm performed best in terms of segmentation o
proliferative 1SF-FLT PET tumor volume and correlation with patiënt outcome,
compared to the other semiautomatic segmentation methods RTL and W&C. With fi

operator-independent automation of the method, it may be a good candidate for 1!

PET guided individualized treatment choices, radiotherapy delivery strategies and res|
assessment.
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Abstract

Introduction. Early treatment response of head and neck cancer to radioth
concomitant with cetuximab was monitored by repetitive PET imaging with the prolife
tracer 1SF-FLT

Patients and Methods. Five head and neck cancer patients, treated with radiotherap
concomitant cetuximab following cetuximab induction, received 4 1SF-FLT PET-CT
before and during treatment. Changes in SUVmax, SUVmean and CT- and PET-segmented
tumor volumes were evaluated, as were correlations with immunohistochemical staini
Epidermal Growth Factor Receptor (EGFR) and Ki-67 (proliferation marker) in pre-trea
tumor biopsies.

Results. 1SF-FLT PET measured tumor responses to the induction dose of cetuximab '

from 43% SUVmax decrease to 47% increase. After start of radiotherapy 1SF-FL"

parameters decreased significantly in all patients. No associations were found betwee
parameters and EGFR or Ki-67 expression levels.

Conclusion. Proliferation of head and neck carcinomas shows a varying respon
cetuximab induction, but consistently decreases after addition of radiotherapy.
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Introduction
Squamous cell carcinomas of the head and neck display increased compensatory
repopulation during radiotherapy, adversely affecting outcome [1]. Over the years, various
treatment regimes have been developed, trying to counteract this effect: accelerated
radiotherapy [2], accelerated radiotherapy with carbogen and nicotinamide (ARCON) [3] and
radiochemotherapy [4]. More recently, a randomized study reported improved locoregional
control and survival when combining radiotherapy with cetuximab, an IgGl monoclonal
antibody against the ligand-binding domain of the epidermal growth factor receptor (EGFR)
[5]. This membrane receptor has been linked to several critical components of mitogenic
signaling pathways and is of prognostic significance in head and neck cancers [6], Inhibition
of EGFR downregulates important survival mechanisms and decreases proliferative activity
of tumor cells [7],
However, only a minority of the head and neck cancer patients benefit from this treatment
strategy (~9% 5-year overall survival benefit) [5], whereas almost all patients experience
increased toxicity, in particular radiodermatitis and acneiform rash. Also, head and neck
cancer is a heterogeneous disease; there is insufficiënt information about which patients are
most likely to benefit from EGFR-inhibition concomitant with radiotherapy. Assays to
monitor proliferative activity of tumors before and during treatment may assist in a better
selection of patients for cetuximab application.
The thymidine analogue 3'-deoxy-3'-[18F] fluorothymidine (18F-FLT) PET tracer exploits
activity of the enzyme thymidine kinase 1 as measure of proliferation [8]. Previous studies
demonstrated that early treatment response to (chemo)radiotherapy in head and neck
cancer can be assessed by 18F-FLT PET, and that 1SF-FLT uptake (changes) can aid in outcome
prognostication [9-12],
In this report, we describe the evaluation of tumor proliferation response to radiotherapy
concomitant with cetuximab in five patients with squamous cell carcinomas of the head and
neck. Furthermore, 18F-FLT PET uptake was correlated with immunohistochemical expression
of EGFR and proliferation marker Ki-67 in pretreatment biopsies [13].
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Patients and methods
Patients

Eligibility criteria included newly diagnosed head and neck squamous cell carcinoma,

stage ll-IV, curatively intended radiotherapy with concomitant cetuximab, age abo

years and written informed consent. The Institutional Review Board of the Ra<
University Medical Center Nijmegen approved the study.
Patients were treated with intensity modulated radiation therapy with a simulta

integrated boost technique, delivering a dose of 68 Gy in 2 Gy fractions to the primary 1

and metastatic cervical lymph nodes, and 50.3 Gy in 1.48 Gy fractions to electively tr

nodes. Accelerated fractionation was applied with an overall treatment time of 5.5 v

delivering 2 fractions daily during the last 1.5 weeks. One week before start of radiothi

patients were administered an i.v. induction dose cetuximab of 400 mg/m2 of body si

area over 2 h, followed by 6 weekly infusions of 250 mg/m2 over 1 h during radiotherap

18F-FLT PET-CT acquisition

18F-FLT PET-CT scans of the head and neck area were acquired before start of treat
after the induction dose of cetuximab, and 1 and 3 weeks after start of radiotherapy

(e

and 4 cetuximab doses). The first four patients were scanned on a hybrid PET-CT sc
(Biograph Duo; Siemens/CTI, Munich, Germany). 1SF-FLT synthesis and PET-CT

acquisition and -reconstruction were described previously [10,11], PET-CT scans begai
6 minutes after intravenous injection of 250 MBq of 18F-FLT, and emission images of

positions over the head and neck area were recorded. The fifth patiënt was scannec
Biograph mCT 40 PET-CT scanner (Siemens/CTI), with 5 minutes per bed position. The;

images were reconstructed using baseline ordered-subsets expectation maximi;

iterative algorithm (3 iterations, 21 subsets) with both point-spread-function mode

time-of-flight. Additionally, intravenous contrast-enhanced CT images [70 mL bol
nonionic iodinated contrast agent (Optiray 300; Tyco Healthcare/Mallinckrodt

Hazelwood, MO, USA)] of the head and neck area were acquired for anatomie corre

and attenuation correction using 150 mAs, 120 kV. Patients were immobilized v
customized mask and head-and-neck support.
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“ F-FLT PET-CT analysis

After reconstruction, Standardized Uptake Value (SUV) PET images were created with in
house developed software correcting for injected dose, tracer decay and body weight.
Subsequently, SUV PET images were resliced using the CT format as reference. SUV PET and
CT images were imported into the department's radiotherapy planning system Pinnacle3
(version 8.0d; Philips Radiation Oncology Systems, Best, The Netherlands). The gross tumor
volume (GTV) of the primary tumor on CT scans (GTVCT) was delineated, using available
clinical and diagnostic imaging information. Tumor SUVmax was defined as mean 18F-FLT
uptake in the tumor-voxel with the highest activity and its 8 surrounding voxels in one
transversal slice. Cervical lymph nodes were not considered for response-assessment, since
non-metastastic lymph nodes often display false-positive 18F-FLT uptake [14]. Standard
regions of interest (ROls) in normal tissues (brain, parotid gland, tongue, neck musculature,
cervical vertebra bone marrow) were delineated and mean SUV (SUVmean)was calculated for
inter-scan comparison.

PET tumor segmentation

Visual gross tumor volume (GTVV|S) contouring was performed uniformly in all patients, and
SUVmean was determined in this segmented volume. In addition, an adaptive threshold
delineation based on the signal-to-background ratio (GTVSbr) was performed for the patients
scanned on the Biograph Duo [15], For this, the mean background uptake was calculated
from a ROI in the neck musculature (~10 cm3).

Smmunohistologica! staining and analysis

Paraffin-embedded pre-treatment primary tumor biopsies of all patients were cut in 5-jim
sections. Consecutive sections were stained for Ki-67 (an endogenous proliferation marker)
and EGFR. Staining procedures and image processing for calculation of EGFR fraction as well
as Ki-67 Labeling Index (LI) are described in the Supplementary Data File.

Statistica! analysis

Statistical analyses were performed using SPSS version 18.0 (IBM, Chicago, IL, USA) and
GraphPad Prism version 4.0c (GraphPad Software, Inc., San Diego, CA, USA). Correlations
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were tested using Spearman tests. Differences between paired parameters were t
using Friedman test. Two-sided p values <0.05 were considered significant.

Results
Patiënt characteristics

Three men and 2 women (mean age 66 years) were included between August 2001

November 2011. Tumor, treatment and scanning details are given in Table 1. All pa

completed radiotherapy; patiënt 4 did not receive the seventh dose of cetuximab becai

severe dermatitis. The third PET-CT scan could not be acquired for patiënt 4. For pati«
and 3, the third and fourth scan, respectively, were acquired with 1 week's delay.

___________Table 1. Baseline patiënt characteristics, timing of PET-CT and clinical outcomes

Case
Age Gender
Primary TNM
PET1
PET 2
PET 3
PET 4
Outci
______________________________ Site________ Stage_____________________________________________________________
1

70

M

Oral
Cavity

T4N0M0

l^ cet
- ld

lx c e t
+4 d

7 x RT,
3 x cet

14xRT,
4 x cet

LR 9 1
TRD ;

2

63

F

Hypopharynx

T3N2cM0

1* cet
-4d

1 x cet
+4d

4 x RT,
2 x cet

15 x RT,
4xcet

3

73

F

Oropharynx

T2N3M0

l stcet
- ld

lx c e t
+6 d

5 x RT,
2 x cet

18 x RT,
5 x cet

RR 21
CND
M+5:
FU 51
Resid
noda
disea
TRD !

4

58

M

Larynx

T4N0M0

l^ ce t
-5 d

lx c e t
+2 d

Not
done

13 x RT,
4 x cet

DFS 3

5

66

M

Hypopharynx

T4N2bM0

l^ cet
- ld

lx c e t
+5 d

5 x RT,
2 x cet

16 x RT,
4xcet

RR 8
CND
m +i :

FU 1:

Prim = primary, cet = Cetuximab, d = days relative to first cetuximab administration, m = mont
RT = radiotherapy fractions, LR = local recurrence, TRD = tumour-related death, RR = regional
recurrence, CND = cervical node dissection, M+= distant metastases, FU = follow-up, DFS = disi
free survival.
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PET-CT parameters
CT volumes

Before therapy, mean GTVCT volume was 41.2 cm3 (range, 8.5 - 117.0) (Table 2). At the
fourth scan, after 3 weeks of radiotherapy / 4 doses of cetuximab, mean GTVCT volume was
35.0 cm3 (range 7 .1 -1 0 4 .5 ).
PET volumes

GTVvis was considerably smaller than GTVCT in the two patients with voluminous tumors (#1
and #5, Table 2), but was slightly larger in patients with small tumors (#2-4). Baseline scan
G TV sbr' s

were more in line with these smaller G TVcr's.

After cetuximab induction,

GTVvis

decreased in

4

patients

(-57% ,

-21%, -21% and -20%)

while 1 patiënt showed a +30% increase (Fig. 1). After start of radiotherapy
in all patients and approached 0 after 3 weeks (Friedman p<0.0001). For

GTVvis decreased

G T V SBr

there were

no notable changes between the first 2 scans. This method had difficulties segmenting
proliferative tumor volume on the third and fourth scans, where 1SF-FLT tumor uptake
approached background levels - in some cases, areas outside the original tumor volumes
were wrongly incorporated within segmented volumes (Fig. 2D).

SUVmax at baseline was not related to the proliferative tumor volumes and, when compared
in individual patients, did not follow the same alteration patterns as GTVViS (Fig. 1). After the
induction dose of cetuximab, 3 patients showed relatively stable SUVmax (-10%, 0% and
+12%), 1 displayed a marked increase (+43%), and 1 a distinctive decrease (-47%). After start
of radiotherapy, SUVmax decreased significantly between scans (Friedman p=0.0001) in all
patients and approached background levels after 3 weeks (Figs. 1 and 2). Decline of SUVmean
during therapy was significant as well (Table 2; Friedman p=0.003).
SUVmean of normal tissues did not change significantly between scans, except for SUVmean in
the proliferative bone marrow of the cervical vertebra, which rapidly decreased after start of
radiotherapy (Friedman p<0.0001).

Immunohistochemistry

Ki-67 LI in the pre-treatment biopsies varied from 0.23 to 0.40 (Table 2). EGFR staining
fraction varied from 0.40 to 0.64. Notably, the patiënt with the highest EGFR staining
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fraction showed the lowest Ki-67 LI. In this limited number of patients, EGFR st

fraction and Ki-67 LI did not correlate with PET SUV or tumor volumes, or their re
change during therapy.

Case 1
Case 2
Case 3
Case 4
Case 5

2

3

1#F-FLT PET scan number

4

,

18'F-FLT PET

scan number

Figure 1. SUVmax and GTVV|S changes between baseline 18F-FLT PET-CT scan and the conseci

scans for all 5 patients. On the X-axis, time between scans spans approximately 1 week betwe
first 3 consecutive scans, and 2 weeks between scan 3 and 4. Start Cet = start cetuximab tl
Start RT = start radiotherapy.

Figure 2 (next page). 18F-FLT PET-CT-scans of patients #1 (A-D), #2 (E-H), #3 (l-L), #4 (M-O), anc

S) before therapy (A/E/l/M/P), after induction cetuximab (B/F/J/N/Q), after 1 week of radiothe
doses of cetuximab) (C/G/K/R) and after 3 weeks of radiotherapy (4 doses of cetuximab) (D/H/
SUVmax values are indicated in the lower left corners. PET window levels are uniformly set

consecutive scans per patiënt. Segmentation volumes: red = GTVct; green = GTVvis; blue = GTVSI
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Table 2. PET-CT data and immunohistochemical parameters

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

EG FR
fraction
pretherapy

112 5 109.5 104.5

4.5

4.5

2.9

2.3

40.2

31.9

4.4

2.1

2.2

2.4

22

18

27.7

29.9

10.3

14.6*

0.40

0.25

GTVg
Case

Mean
value
±SD
Mean

1

2

SUVm
3

4

SUVmea„GTVvl

GTVvi

GTVsbr

Ki-67 LI
pretherapy

1

117.0

2

9.4

10.8

10.7

10.1

7.4

10.6

2.6

2.2

16.3

12.8 11.6

1.3

3.3

5.0

1.6

2.0

7.0

6.8

8.8

5.8

0.60

0.29

3

8.5

8.5

8.8

7.1

9.3

10.4 7.8

3.0

110

8.8

4.8

0.3

4.3

5.1

46

2.7

5.7

5.2

43

1.3

0.41

0.40

4

8.7

8.5

ND

8.1

6.0

5.4

ND

1.5

11.4

14.8

ND

0.5

3.4

2.9

ND

1.4

9.2

8.8

ND

3.9

0.64

0.23

5

62.1

59.1

57.1

45.3

20.7 11.0

7.5

3.4

34.0

14.7

3.7

06

8.7

6.0

5.0

3.1

ND

ND

ND

ND

0.56

0.35

41.2
±48.4

39.9 46.5 35.0
±46.0 ±47.6 ±42.0

12.4 12.7 7.8
±10.3 ±11.6 ±3.1

6.4
±5.8

0.52
±0.12

0.30
±0.07

9.6 8.4 5.2 2.5
±6.4 ±3.1 ±2.8 ±0.7

22.6 16.6 6.1 1.0
±13.6 ±8.9 ±3.7 ±0.7

4.3 4.3 3.4 2.2
±2.3 ±1.5 ±1.7 ±0.7

-20 -50
-18 -66 -96
+7
-21 -43
-2
-0.4 -45 -69
+1
+4
-11
±7
±44 ±25
±32 ±29 ±18
±33 ±23 ±12
±8
±10
±13
±31 ±29 ±2
Mean relative clnange (A%) from baseline scan. Numerics in the third row: consecutive PET-CT scans. PET tumor volumes are given in cm .
LI = Labeling Index; GTV = Gross Tumor Volume; VIS = visüal segmentation; SUV = Standardized Uptake Value; SBR = signal-to-background ratio segmentation method; ND = no
data. * Failure of signal-to-background segmentation method; besides the tumor area, also part of the patients mandible was encompassed in the volume due to a small ratio
between tumor and background 18F-FLT uptake_____________________________________________________________________________________________________

±SD

Discussion
Changes in proliferative activity of head and neck carcinomas early during radiotherapy
can be detected by 18F-FLT PET imaging [10]. This small prospective study confirms this
notion regarding patients treated with radiotherapy and concomitant cetuximab. We
took particular interest in the proliferative response to the induction dose of cetuximab,
given a week before start of combined cetuximab-radiotherapy. In these 5 patients, 18FFLT uptake as measured by SUVmaxshowed a variable response to cetuximab. Previous
results suggest that SUV-related changes of more than 20-25% in repeated 1SF-FLT PET
measurements can be related to biological effect of therapy [16]. This was true for only
two patients in the current study population, and they showed a contrasting response.
However, PET primary tumor volumes, segmented by visual delineation and a semiautomated segmentation method, did not follow the same alterations as SUVmax in
individual patients, and 4 out of 5 patients had a decrease in visually segmented volume
after induction cetuximab. PET-segmented proliferative tumor volumes, as well as SUV,
consistently showed decrease of 18F-FLT uptake with increasing radiotherapy dose in all
patients. In an earlier study of 18F-FLT response during therapy in a cohort of HNSCC
patients treated with radiotherapy (n=33) or chemoradiotherapy (n=15), we observed a
SUVmax decline comparable to that in the current study [11]. Interestingly, the changes in
the visually segmented proliferative volume GTVV|Swere larger for the patients treated
with cetuximab-radiotherapy than for the other 2 groups (66% one week after start of
radiotherapy versus 38% and 20%; 96% 3 weeks after start of radiotherapy versus 69%
and 64%, respectively). This could indicate that concomitant cetuximab produces an
additive anti-proliferative effect to accelerated radiotherapy. However, definitive
conclusions cannot be drawn due to the limited number of patients in the current study.
This also precludes correlative assessment of long-term outcome against 18F-FLT uptake
responses during therapy, since 4 patients showed a locoregional residual tumor or a
recurrence and distant metastases.
In the cohort of patients who were treated with (chemo)radiotherapy with curative
intent, we found that baseline tumor SUVpeak and visually delineated proliferative
volume on 18F-FLT PET, as well as their decrease in the second week of therapy, were
prognostic for 3-year locoregional control and disease free survival [11]. The small
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patiënt number in the current study precludes any speculation about the prognc
potential of early 1SF-FLT response for radiotherapy-cetuximab combination.
Another small clinical study assessing 1SF-FLT uptake response in primary tumors

cervical lymph nodes to cetuximab and chemoradiotherapy in head-and-neck car
patients, described unchanged or even increased 18F-FLT

S U V max

in 4 primary turr

after induction cetuximab, followed by a rapid decrease during chemoradiotherapy [
These observations are in line with our data concerning

S U V max,

suggesting that

proliferative response after EGFR-inhibition varies between patients. General knowle

concerning mechanisms and variables underlying the clinical response to EGFR-pathw
inhibition is still incomplete [18].
In this study, the staining fractions of EGFR and Ki-67 LI in pre-treatment tumor biop
did not vary much between patients and were not directly associated with baseline

FLT uptake or -changes during therapy. This is consistent with larger clinical studies 1

demonstrate no associations between EGFR-expression-levels and tumor response
cetuximab [19]. This is not unexpected as, besides EGFR, several other molee
pathways, as well as microenvironmental factors, regulate tumor cell proliferation.

1SF-FLT has has been validated against immunohistochemical Ki-67 staining in vari

tumor types; most convincingly for breast, lung and brain cancer [20-23]. There ma^

sampling error in the tumor biopsies of the current study. However, in entire tui
sections of resected oral cavity squamous cell carcinomas, we previously found that

FLT uptake and immunohistochemical assessment of proliferation, as assessed by opl

density of both iododeoxyuridine and Ki-67 staining, showed a significant albeit w
correlation [24].

Conclusion

Serial 18F-FLT PET scans of patients with head and neck squamous cell carcinoma;
assessed with SUV- and proliferative volume-based parameters before and du

treatment showed a varying response of tumor proliferation to induction cetuxirr

and a consistent decline during concurrent cetuximab-radiotherapy. Whether e

response assessment by 18F-FLT PET-CT can eventually be applied to select patients v
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will benefit from the (continued) addition of cetuximab to radiotherapy requires further
clinical investigation in larger patient-cohorts.
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Supplementary informatiom
Immunohistological staining

Paraffin-embedded pre-therapeutic primary tumor biopsies of all patients were cut in 5jim sections, deparaffinised in Histosafe (clearing agent, Adamas), and rehydrated
through a graded ethanol series. One section per biopsy sample was stained for
haematoxylin and eosin and the consecutive sections were stained for EGFR and Ki-67
with a haematoxylin counterstain.
EGFR

After rinsing of the sections with phosphate buffered saline (PBS, Klinipath, Duiven, The
Netherlands), endogenous peroxidase was blocked with 3% H20 2 in methanol. Then,
sections were incubated for 5 min with proteinase-K (DAKO) at 37 C to enhance staining
intensity. Between all consecutive steps of the staining procedure, sections were rinsed
in PBS 3 times during 10 minutes. Sections were pre-incubated for 30 min at room
temperature (RT) with 5% normal donkey serum in primary antibody dilution (PAD,
GeneTex Inc., San Antonio, Texas, USA) and incubated at 4 C overnight with mouse antiEGFR (DAKO M7239) diluted 1:50 in PAD. The second incubation was for 60 min at RT
with a biotinylated secondary antibody, F(ab)'2-donkey anti-mouse IgG (Jackson
Immunoresearch Laboratories Inc., West

Grove, PA,

USA), diluted 1:200 in PBS, followed

by ABC reagent (Vector Laboratories Inc., Burlingame, CA, USA) for 30 min. Then,
sections were rinsed with deionized water before incubation with diaminobenzidine
(Zymed Laboratories, San Francisco, CA, USA) for 10 min. Sections were counterstained
with haematoxylin for 5 min, rinsed with tap water and dehydrated via graded ethanol
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series and histosafe and finally slides were mounted with KP mounting med
(Klinipath).
Ki-67

For antigen retrieval, slides were heated (90 °C) in 10 mM citrate buffer, pH 6.0, fo
min. After cooling down, endogenous peroxidase was blocked with 3% H20

methanol. Between all consecutive steps of the staining procedure, sections were rir

in PBS three times for ten minutes. Sections were incubated with 5% normal dor

serum diluted in PAD at RT for 30 min. Sections were incubated overnight with ra

anti-human-Ki-67 (SP6; Abcam), diluted 1:100 in PAD, at 4 °C. Next, all sections v
incubated with a biotinylated secondary antibody, donkey anti-rabbit (Jad
Immunoresearch Laboratories Inc.), diluted 1:500 in PBS, for 60 min and with

reagent (Vector Laboratories) for 30 min at RT. Then, sections were rinsed i
deionized water before incubation with diaminobenzidine (Zymed Laboratories) fo
min. Sections were counterstained with haematoxylin (DAKO) for 5 min, rinsed with

water and dehydrated via graded ethanol series and histosafe and finally slides v
mounted with KP mounting medium (Klinipath).

Image acquisition and quantitative analysis

The stained tissue sections were scanned using a digital image processing sys

consisting of a motorized bright field microscope (DM6000 Leica) and a monochri
CCD camera (Retiga SRV) with an RGB filter (Slider module, Qlmaging, Surrey,

Canada). Image processing was performed using IPlab software (Scanalytics Inc., Faii

VA, USA) on a Macintosh computer. Each tissue section was scanned for Ki-67 and E
signal at 100X magnification. At every scanning session a background image

recorded. Extraction and separation of the individual colors from the diaminobenzii
(brown) and haematoxylin (blue) signals was conducted using the RGB linear unmi

module in the TRI2-software package (Randall Division and Gray Cancer Instit

Oxford, UK). Based on a haematoxylin/eosin stained consecutive section, the tum or;

of each section was delineated while necrotic areas and artifacts were exclui
Thresholds for segmentation were interactively set at intensities where the stee
gradiënt occurred between background and signal intensity levels. The staining frac
of EGFR was defined as the tumor area positive for the staining signal relative to
204

total tumor area and was determined quantitatively in a semiautomatic way using
ImageJ with in-house developed analytical algorithms. Using the same software, the
proliferation Labeling Index of Ki-67 was established as the area of stained nuclei
positive for ki-67 relative to the area of nuclei positive for haematoxylin signal.
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Chopter 10
General discussion and future perspectives

In chapter 2, an outline was given of the current possibilities of integrating PET modali

the diagnostic and therapy-related processes of head and neck squamous cell carci

(HNSCC) patients to advance individualized treatment options. The chapter focused c
use of the well-known PET tracer 18F-FDG and hypoxia- and proliferation-related PET tr
Integration of molecular imaging PET techniques into therapy selection strategie

radiotherapy planning can serve several purposes. First, pre-treatment assessment

guide decisions about radiotherapy modification or combination with other mode

Second, biology-based functions can be introduced to the radiation treatment pla
process by coregistration of molecular imaging with planning CT scans. Thus, custo
heterogeneous dose distributions can be generated with escalated doses to tumor
where radiotherapy resistance mechanisms are most prevalent. Third, monitori

temporal and spatial variations in these radiotherapy resistance mechanisms early c
the course of treatment can discriminate responders from nonresponders. With
information available shortly after the start of treatment, modifications can be implem
or the radiation treatment plan can be adapted tailing the biological response patterr

thesis reflects studies that touch on all these aspects of PET integration into tailored th

for HNSCC. In the following paragraphs, the current status of developments is discusse
future perspectives are highlighted.
Tumor characterization and identification of resistant tumor subvolumes

To characterize and quantify different aspects of primary HNSCC, several invasivi

noninvasive methods are at hand, such as determining immunohistochemistry marke

tumor biopsies, direct probe measurement of oxygen pressure in accessible tumor are;

or functional imaging added to high-resolution anatomical information from CT or MR
(dynamic contrast enhancement MRI and CT, diffusion-weighted MRI, BOLD-MRI, PET

PET-MRI) [2,3]. In chapter 3 of this thesis, we emphasized the importance of apprec

multiple immunohistochemistry (IHC) biomarker parameters and the possibility of a

information from (routine) 18F-FDG PET for the most comprehensive individual 1

characterization. Other authors have stressed the potential of combined biomark*
describe general clinical tumor behavior, such as metastatic potential [4]. However, in

instances specific tumor typing in the light of determining the optimal treatment pla
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focus on certain characteristics that are most vital for therapy resistance, such as tumor cell
hypoxia, accelerated repopulation and EGFR expression [5]. Treatment modifications
counteracting these tumor features are available at the cost of increased side effects [6-8].
Therefore, up-front selection of patients who are likely to respond to specific therapy
regimens is preferable and will increasingly constitute a part of diagnostic routine in future
clinical protocols. It is, of course, hardly feasible to perform Standard multiple functional /
molecular imaging modalities alongside anatomical imaging diagnostics. Therefore,
performance of specific PET scans should be adjusted to relevant therapeutic questions for
individual patients. 18F-FDG PET, which is already performed in routine diagnostic workup in
many treatment centers, can provide information on primary tumor extension, lymph node
involvement and the presence of distant metastases (that can be missed with other imaging
modalities) [9], and might have prognostic value, although current study results are
ambivalent

regarding this

issue

[10,11],

18F-F DG uptake in

malignancies

reflects

multifactorial mechanisms of increased metabolic activity and glucose utilization, dependent
on the glucose transporters and enzymes in the glycolytic pathway, which in turn are
regulated by numerous different signaling pathways triggered by endogenous and
exogenous stimulators. Attempts to attribute 18F-FDG uptake in different malignancies to
specific tumor characteristics are debatable, but baseline high 18F-FDG uptake in tumor
regions may be related to higher treatment resistance and therefore present a target for
radiation dose escalation. The first clinical study results regarding dose escalation to
subvolumes with enhanced 1SF-FDG uptake reported favorable control rates [12,13].
For evaluation of HNSCC hypoxia, several PET tracers are available as reviewed in chapter 2.
The nitroimidazole-based markers 18F-FMISO and 1SF-FAZA have been studied most
extensively, but many more have been assessed in mostly small studies [14]. Exogenous
markers can be used to quantify hypoxia in tumor regions, but measurement of biologie
effects of this hypoxia on tumor cells through visualization of responsive endogenous
protein upregulation could give additional information on e.g. tumor aggressiveness and
sustainability in hypoxic circumstances. One appealing endogenous protein, that is
upregulated under hypoxic circumstances and easily accessible for radiolabeled antibodies
because of its localization in the cell membrane, is carbonic anhydrase IX (CAIX).
Girentuximab (a.k.a. G250) is a monoclona! antibody specifically directed against CAIX [15].
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However, the use of intact IgG antibodies for imaging purposes can be cumbersome,

these display slow diffusion and penetration kinetics in tumors and delayed blooc
whole-body clearance, which precludes early imaging within 24 hours after injecti

chapter 4, we describe the use of 89Zirconium-labeled cG250 F(ab')2 fragments foi

invasive PET based quantification of CAIX in a xenograft HNSCC model. We foun<

location of the tumor-bound 89Zr-cG250-F(ab')2correlated well with IHC CAIX express
the microscopie level, and early PET imaging within a few hours after injection was fe

Based on these results, further studies analyzing clinical applicability of labeled cG250-l

for hypoxia-related tumor responses are warranted. However, first several issues neec
elucidated. The glomerular filtration of radiolabeled F(ab')2 fragments could resul
decreased imaging capacity for CAIX upregulation in tumors. Optimal injection doses
clinical situation need to be established. Also, many endogenous hypoxia marke
upregulated at oxygen concentrations above those that cause radiobiological hypoxi

also by other cellular processes. This might limit applicability of endogenous marke
quantification of hypoxia [14]. PET imaging of hypoxia as an important tumor charact
has been proven valuable for treatment allocation and adaptation, radiation boost def
and outcome prognostication, as is described in chapter 2. To investigate its ultimate

for clinical practice, decision protocols based on PET should be integrated into multii
studies for hypoxia-modifying treatment. Results from clinical trials on e.g. 18F-FMIS
18F-FAZA guided dose escalation are awaited.
Other radiolabeled monoclonal antibodies have broadened the horizon for studying

features and individualizing therapy. The epidermal growth factor receptor (EGFR) cc
numerous cellular functions, including tumor cell proliferation, DNA repair, respon
hypoxia, apoptosis and angiogenesis, and is therefore a key factor in several pat
responsible for therapy resistance. EGFR overexpression is associated with advanced

stage and poor prognosis in HNSCC [16], and it is a predictive factor for outcoi

hyperfractionated accelerated radiotherapy [17], Since the publication of the lam

phase III trial on cetuximab, a chimeric monoclonal antibody against EGFR, incri

numbers of HNSCC patients are treated with radiotherapy combined with this druj;

Noninvasive quantification of this important receptor is therefore of great intere

treatment allocation and adaptation protocols. Cetuximab itself can be radiolabel<
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investigation of EGFR expression and the accessibility of the receptors for this systemically
administered therapeutic. We have determined the optimal imaging dose of radiolabeled
cetuximab for SPECT imaging in a mouse xenograft model. Chapter 5 describes the
importance of using the correct dosing of the antibody for optimal imaging, which will also
apply for clinical situations. Clinical PET imaging studies with radiolabeled cetuximab are
ongoing. Imaging of cetuximab will pertain the same drawbacks as mentioned earlier; we
found that 111ln-labeled cetuximab delivered the best SPECT images 7 days after injection.
Therefore, we investigated the potential of m ln-labeled cetuximab-F(ab')2 for early EGFR
imaging and found that this was possible from 4 hours after injection onward (chapter 6).
This provides a positive basis for further clinical investigations.
Accelerated proliferation as an important tumor characteristic and resistance mechanism
can be visualized and quantified with the use of the fluorinated thymidine analogue 18F-FLT
[19]. 18F-FLT does not exhibit certain drawbacks of 1SF-FDG, such as uptake in inflammatory
areas near the primary tumor, especially in the head and neck area. However, 1SF-FLT cannot
reliably discriminate metastatic from reactive cervical lymph nodes, since the latter also
display reactive proliferation of B lymphocytes [20]. For identification of proliferative tumor
subvolumes and prognostic purposes, 1SF-FLT has demonstrated its value in several studies
[21-24], In this thesis, we describe the potential of 18F-FLT PET to discern the proliferative
tumor volume and its alterations during therapy.
The significance of PET for tumor characterization and classification can be further extended
by the implementation of quantitative textural feature analysis [25,26]. Chapter 3 describes
the added value of a compact set of global texture imaging features, applied to 1SF-FDG PET
images as well as IHC images of different metabolic markers, for evaluation and
characterization of different human tumor xenograft models. In future studies, information
derived from PET images will expand beyond the mere use of Standardized Uptake Values
and limited volume description methods for characterization of individual tumors.
"Radiomics" will provide a broad pallet for describing the considerable biological
heterogeneity between tumors of the same histology, and in individual tumors between
regions with varying uptake of PET tracers aimed to identify specific molecular processes.
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Segmentation of resistant tumor subvolumes with PET

The heterogeneous uptake of specific PET tracers for e.g. hypoxia and proliferation fo

challenge to segment accurately in PET images. Many factors will influence i

representation and delineation accuracy, such as the limited spatial resolution o

scanners as compared to cellular biologie processes (voxel size typically 4-7 mm for h

PET scanners and 1-3 mm for small animal PET scanners), lack of generally a|

standardized procedures for PET scanning and processing, positron range of selected ti

and partial volume effects. Visual PET tumor volume delineation is operator- and wir

level setting dependent. There is a definite need for a validated, reliable and r

delineation method that can be widely applied before and during therapy, applical
multiple PET systems and tracers. We have tested the accuracy of multiple segmen

methods in 18F-FLT PET images before and during treatment of advanced HNSCC

(chemo)radiotherapy. In chapters 7 and 8 it is described that most of the (semi-) auto

segmentation methods did not accurately determine the proliferative tumor volume c

therapy, when 1SF-FLT tumor uptake decreased towards background levels. The Fuzzy L

Adaptive Bayesian (FLAB) method performed the best among the tested methods i
study. Multiple other sophisticated algorithms have been developed, but only a few
validated against histological tumor specimens [27,28]. Before broad implementatioi
PET segmentation algorithm for radiation dose escalation and adaptation planni

radiotherapy-resistant tumor subvolumes or outcome prognostication purposes, its v;

needs to be established in multi-institutional collaborations between radiotherap'
nuclear medicine departments.

Early treatment response monitoring and treatment adaptation

Since treatment modifications counteracting tumor resistance mechanisms will come ;
cost of increased severity and duration of side effects, it is not only preferable to speci
select patients upfront for tailored treatment, but also to monitor response to therapy

early phase, facilitating appropriate adaptations when necessary. In chapter 7 to 9 c

thesis, the value of 18F-FLT PET for early treatment response monitoring of HNSCC (

radiotherapy, alone or combined with cisplatin or cetuximab, was addressed. The stuc

these patients indicated that inter-individual differences in treatment response c;
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visualized early and, more importantly, that these differences are related to final outcome.
This was also observed by other researchers for other PET tracers, such as 18F-FDG and 18FFMISO [10,29]. With these noninvasive assessment tools in hand, we can decide to intensify
or rather de-escalate treatment according to distinctive tumor response. Already,
researchers are looking at appropriate possibilities for radiation planning adaptations. Troost
et al. demonstrated that high proliferative tumor subvolumes, as defined by 18F-FLT PET, can
provide the basis for an adaptive IMRT plan with dose escalation within these regions [21]. A
research group in Ghent adapted and delivered IMRT plans according to early 18F-FDG tumor
uptake alterations and showed that dose escalation up to 85.9 Gy (in fractions of 2.5-3.0 Gy)
to regions with high 18F-FDG uptake was possible without compromising normal tissue
toxicity [30], However, doses were limited by development of mucosal ulcers at the site of
dose escalation [30]. The group is expanding their patiënt cohort for further validation and
determination of possibilities for safe PET-guided dose escalation. Also, the first clinical
results of dose escalation to hypoxic tumor subvolumes are awaited in the near future.
Another interesting development is hypoxia-PET guided addition of hypoxic cytotoxins to
Standard chemoradiotherapy, since these seem to have a specific effect on clearly hypoxic
HNSCC as opposed to an overall additive effect in all HNSCC patients [31,32], Hypoxia PET
results may trigger the application of Accelerated Radiotherapy with CarbOgen breathing
and Nicotinamide (ARCON) or hypoxic sensitizers such as nimorazole [7,33], As mentioned
before, the first clinical studies with 89Zr-labeled cetuximab are ongoing, and the future will
determine whether this method can be used to adapt EGFR inhibition according to early
tumor response.

Fënal remarks
Oncology stands at a brink of a new phase, where therapy regimens are no longer allocated
only according to anatomie and histologie tumor characteristics and based on large trials in
which patients are heaped in great cohorts to discern statistically valid treatment effects
above the noise of numerous confounding parameters. Instead, individual genetic,
molecular and functional tumor propensities will dominate treatment protocol decisions.
The call for individualized, or rather precision, therapy grows louder in the clinical but also in
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the public arena, where media-influenced triggers will increase the demand for Ü

options best suited for particular tumors and needs. And rightly so; more knov

regarding cancer biology and response mechanisms is gathered daily. However, ever
development does require validation of its final clinical benefit. Innovations ar

possibilities to apply new treatment technologies increase faster than classic re:

conventions can accommodate. This calls for intelligent study procedures designed t

transparent results within a limited time frame. Such schemes will put a large str;
research departments, and demand structured collaboration between multiple institi
In the field of radiotherapy delivery as well as molecular PET imaging possibiliti
treatment allocation and adaptation, many exciting developments have occurred
accelerating pace during the last decades. However, results have largely been achie

single institution settings in small patiënt cohorts. Ultimate proof of clinical use <
developments as described in this thesis will have to come from strong multicollaborations between radiotherapy and nuclear medicine departments.
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Chapter 11
Summary and conclusions

In this thesis, several aspects of molecular PET imaging of biological tumor characteris

the diagnostic and treatment process of head and neck cancer were discussed. The s
described in this thesis mainly focused on noninvasive visualization and quantificat
hypoxia, proliferation and EGFR.

In chapter 2, a comprehensive literature review and outline was given of the c
possibilities of integrating PET modalities in the diagnostic and therapy-related procej

head and neck cancer patients to advance individualized treatment options. The cl

focused on the use of the well-known PET tracer 18F-FDG and hypoxia- and prolifei
related PET tracers. It reviewed numerous mostly single-center studies and conclude
further validation of promising results is needed to integrate molecular PET modali
diagnostic and adaptive schemes for more individualized radiation-based treatment o
and neck squamous cell carcinoma (HNSCC).
Chapter 3 showed that a limited set of immunohistochemistry (IHC) parameters, quan
tumor processes of metabolism, hypoxia, proliferation and perfusion, could acci

allocate individual human head and neck cancer (HNC) xenograft tumors to the apprc
tumor line of origin, in a panel of 14 lines. A set of only 6 IHC parameters, ran

combined from the total set of 9, identified 70% of tumors correctly. A combination c
IHC staining parameters and connected 3 image texture features for 6 markers could
80% of tumors to their respective xenograft line. 1SF-FDG PET was of significant but
additional value to the classification accuracy of IHC alone. This study exemplifies

well-chosen set of IHC parameters, representing several phenotypic aspects of HN'
form a basis for stratification or grouping of most uniform tumors in future studies.
In chapter 4, we investigated whether 89Zr-labeled cG250-F(ab')2 antibody frag
directed against the hypoxia-related marker carbonic anhydrase IX (CAIX),

al

visualization of tumor hypoxia using small-animal PET in a human HNC xenograft r

Visualization of the intact antibody is hardly feasible until multiple days after injectii
early as 4 h after administration, accumulation of S9Zr-cG250-F(ab')2fragments in the
had occurred and tumors were clearly visualized by PET. Tumor sections showed a sign

positive microscopie spatial correlation between CAIX expression and 89Zr-cG250-l
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localization. Also, significant correlations were found between pimonidazole staining
intensity and 89Zr-cG250-F(ab')2 activity concentration. Radiolabeled cG250-F(ab')2provides a
promising strategy for noninvasive imaging of an endogenous hypoxia-related marker.
Chapter 5 described a study on dose optimization of iu ln-cetuximab in a human HNSCC
xenograft model for noninvasive imaging of epidermal growth factor receptor (EGFR)
expression in tumors. We found that 111ln-cetuximab showed highest specific accumulation
in tumors at protein doses <30 ng per mouse. On a microscopic scale, there was a good
correlation between m ln-cetuximab localization and EGFR expression. Micro-SPECT scans
clearly visualized tumors from 1 day after injection of 10 |ig m ln-cetuximab onward, and
tumor-to-background contrast increased until 7 days after injection.
In chapter 6, we specified dose optimization for early imaging of EGFR in a human xenograft
HNSCC model, using F(ab')2fragments of cetuximab labeled with n iln. The highest uptake of
111ln-cetuximab-F(ab')2in tumors was obtained at doses <10 |ig/mouse. Micro-SPECT images
of m ln-cetuximab-F(ab')2clearly showed preferential uptake in the tumor from 4 h onward,
with superior tumor-to-background contrast at 24 h. This provides a basis for further studies
on rapid EGFR imaging, using radiolabeled F(ab')2 fragments of cetuximab for potential
patiënt selection regarding EGFR inhibitors or treatment adaptation schemes.
A clinical study on early proliferation treatment response measurement in 48 patients with
advanced HNSCC, using consecutive 18F-FLT PET-CT before and during (chemo)radiotherapy,
was described in chapter 7. Patients underwent 1SF-FLT PET-CT before treatment and in the
second an fourth week of treatment. We found, that 18F-FLT tumor uptake decreased
significantly between scans. Pre-treatment SUVmax and visual delineated PET tumor volume,
as well as their decrease early during treatment, were associated with clinical outcome - a
higher decrease in these parameters correlated with better 3-year disease free survival and
locoregional control. 1SF-FLT PET may thus aid in personalized patiënt management, steering
treatment modifications during the early phase of therapy.

In chapter 8, we determined the potential of three (semi-)automatic PET segmentation
methods to delineate the proliferative tumor volume on 18F-FLT PET-CT before and during
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(chemo)radiotherapy. Of the tested methods (the iterative background-subtracted n

threshold level method (RTL), the gradient-based watershed transform algorithr

hierarchical clustering analysis method (W&C) and the fuzzy locally adaptive Ba

method (FLAB)), FLAB was the most robust in segmenting proliferative tumor vc

during therapy, when iaF-FLT tumor uptake decreased towards that of background tiss
FLAB-segmented volume decrease above median between baseline scan and the
week of therapy was associated with better disease free survival.

EGFR inhibition can elicit proliferation changes in HNSCC. We studied 18F-FLT I

responses in 5 patients with advanced HNSCC, who were treated with induction cetu:

followed by radiotherapy combined with cetuximab. Four consecutive 18F-FLT scans
acquired before treatment, after the first administration of cetuximab and twice

radiotherapy-cetuximab. In chapter 9, w e reported a varying response - decrease as \
increase - in 1SF-FLT tumor SUVmax after cetuximab administration. After st;

radiotherapy, 18F-FLT uptake decreased significantly in all patients. No associations

found between PET parameters and EGFR or Ki-67 (proliferation marker) on IHC c
treatment tumor biopsies.

Conclusions

Several PET tracers for imaging of biological tumor characteristics reflecting rac
resistance mechanisms are available and offer potential fortailored radiation-based th
In this thesis, we described various tracers to characterize head and neck tumors for s

features; hypoxia, proliferation and EGFR. An elaborate characterization, incorpc

multiple intrinsic and microenvironmental tumor factors, can best be done using m

IHC markers. Early noninvasive imaging of the endogenous hypoxia-related CAIX is p<

in preclinical studies, but has yet to be validated in the clinical situation. Clinical stud
EGFR imaging are currently ongoing, but our preclinical cetuximab imaging studies sho

dosage is important for optimal imaging. F(ab')2 fragments of cetuximab may allow

EGFR imaging in future studies. The value of 1SF-FLT PET-CT for early HNSCC res

measurement to (chemo)radiotherapy was established in this thesis. Using multiple a
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of PET image interpretation, we found that early 1SF-FLT uptake responses were prognostic
for final clinical outcome. 18F-FLT PET may thus aid in personalized patiënt management,
steering treatment modifications during the early phase of therapy.
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Chopter 12
Summary in Dutch (samenvatting en conclusies)

Hoofd-hals kanker

Kanker in het hoofd-halsgebied (vaak een zogenaamd plaveiselcelcarcinoom afkomsl

het slijmvlies) wordt jaarlijks bij ongeveer 2,400 mensen in Nederland vastgesteld. Pat

presenteren zich vaak met relatief grote primaire tumoren met uitzaaiingen (metas
naar lymfeklieren in de hals. Vaak is er nog geen sprake van uitzaaiingen elders

lichaam en bestaat de lokale behandeling uit chirurgie of bestraling (radiotherapie) \
tumor en (eventueel) aangedane klieren, systeemtherapie

met chemotheraf

biomoleculair gerichte medicatie om het effect van de bestraling te versterken, <

combinatie van deze behandelmodaliteiten. Radiotherapie is een belangrijke pijler \

behandeling en met ontwikkeling van "intensiteits-gemoduleerde radiotherapie" (IIV

het mogelijk om een hoge bestralingsdosis te geven op de tumor, terwijl de omlig
normale weefsels zoveel

mogelijk gespaard worden.

Hoewel

behandeloptie

toegenomen, krijgen vele patiënten toch een tumor recidief in het hoofd-hals gebiei
de 5-jaars overleving vaak minder dan 50%.

Therapie resistentiemechanismen en opties om deze tegen te gaan
Het

is

belangrijk

om

resistentiemechanismen

zoveel

mogelijk

kennis

te

verkrijgen

over

th

van tumoren, om zodanig nieuwe behandelstrategie

ontwikkelen om deze resistentie tegen te gaan. Tumoren kunnen dan nog effe<

worden behandeld, terwijl de toxiciteit voor normale structuren zo beperkt mogelijk bl
Er zijn drie belangrijke tumoreigenschappen die zorgen voor radiotherapie-resis

zuurstoftekort (hypoxie), versnelde deling (proliferatie) van tumorcellen tijdens bestral
de tumoreigen gevoeligheid voor bestraling, die per tumor verschilt (intri
radioresistentie). Hypoxie is te verdelen in "acute hypoxie", die ontstaat door willek

en kortdurende sluiting van slecht gevormde tumorbloedvaten, waardoor in tumorde

zuurstoftoevoer varieert, en "chronische hypoxie" waarbij tumorcellen een grote a

hebben tot bloedvaten en daardoor een continu tekort aan zuurstof en voedingssl
Tijdens radiotherapie van

hoofd-hals tumoren ontstaat een versnelde proli

(geaccelereerde repopulatie) om celverlies door bestraling tegen te gaan. Hoe langi

bestralingsbehandeling gerekt wordt, hoe kleiner de kans op uiteindelijke genezir
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intrinsieke radioresistentie van tumoren wordt onder andere bepaald door de mogelijkheid
om DNA schade, ontstaan door radiotherapie, te herstellen.
Deze resistentiemechanismen kunnen op verscheidene manieren worden tegengegaan.
Versnelde

repopulatie kan worden

bestreden door het verkorten van de totale

therapieduur, door bijvoorbeeld tweemaal op een dag of tijdens weekenden te bestralen.
Hypoxie kan worden bestreden door een extra hoge bestralingsdosis op hypoxische
tumorgebieden te geven (dosis escalatie), door het geven van geneesmiddelen die
hypoxische tumorcellen gevoeliger maken voor bestraling (hypoxische sensitizers), of door
het ademen van carbogeen (98% zuurstof en 2% koolstofdioxide) tijdens de bestraling in
combinatie met het innemen van bloedvat verwijdende medicatie om acute hypoxie tegen
te gaan (Accelerated Radiotherapy with CarbOgen breathing and Nicotinamide - ARCON).
Het is gebleken dat het aan de radiotherapie toevoegen van systeemtherapie, zoals
chemotherapie

of

medicatie

gericht

op

bepaalde

tumoreiwitten

die

belangrijke

tumorprocessen reguleren, de genezingskansen gunstig beïnvloedt. Eén belangrijk therapie
target dat invloed heeft op vele belangrijke celprocessen, waaronder hypoxie en proliferatie,
is de epidermal growth factor receptor (EGFR). Hoofd-hals tumoren met een hoge EGFR
expressie hebben een slechtere prognose. Wanneer EGFR geblokkeerd wordt door het
medicijn cetuximab (een antilichaam tegen EGFR) tijdens radiotherapie, blijken hoofd-hals
kanker patiënten een betere uitkomst te hebben.

Selectie van patiënten voor therapie

Het wordt steeds duidelijker dat tumoren zich niet uniform gedragen en dat een
geïndividualiseerde therapie, toegespitst op kenmerkende tumoreigenschappen, nuttig zal
zijn voor de verbetering van de tumorcontrole en -overleving bij hoofd-hals kanker. Op dit
moment bestaat de diagnostiek uit een lichamelijk onderzoek: inspectie van de mond- en
keelholte (zo nodig onder narcose) en aftasten van de hals naar vergrote lymfeklieren.
Daarnaast worden beeldvormende technieken toegepast (anatomische beeldvorming):
computertomografie (CT) en magnetische resonantie (MRI). CT en MRI kunnen ook gebruikt
worden om de tumor reactie tijdens behandeling te beoordelen, maar er zijn nadelen: 1)
onderscheid

tussen

tumor

en

omliggend

normaal

weefsel

of

bijvoorbeeld

ontstekingsweefsel kan lastig zijn, 2) afname van het tumorvolume is vaak pas in een late
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fase van de behandeling zichtbaar en 3) na de therapie kan de anatomie veranderd ;
reactie op nog aanwezige kwaadaardige ziekte of juist het volledig verdwijnen van de t
Bij de diagnose wordt ook een biopt verkregen van de primaire tumor. Op deze b

wordt bepaald om welk type tumor het gaat en kunnen met immunohistochemische

kleuringen ook specifieke tumoreigenschappen worden bepaald. Hiermee zou k
worden bepaald of een patiënt in aanmerking komt voor een behandeling die sp

ingrijpt op bepaalde tumorprocessen, zoals eerder benoemd. Dit gebeurt nog zeer we

de dagelijkse praktijk, maar in studieverband wordt veelvuldig gebruik gemaakt var
kleuringen om bijvoorbeeld hypoxie-, EGFR- of proliferatie-karakteristieken te kwantifi

Echter, een biopt is maar een klein deel van een tumor en het is bekend dat biolo

kenmerken niet alleen tussen verschillende tumoren, maar ook binnen een tumc

heterogeen expressiepatroon vertonen. Het nemen van vele biopten uit de tumor on
heterogeniteit van eigenschappen beter te kunnen inschatten, is niet haalbaar.
Met "functionele beeldvormingstechnieken", zoals positron emissie tomografie

kunnen biologische eigenschappen van de gehele tumor (macroscopisch) worden afge

Met een PET scan kan van buitenaf (niet-invasief) een radioactief gemarkeerd*

afgebeeld en gekwantificeerd worden. Met de meest gebruikte radioactieve stc

fluorodeoxyglucose (1SF-FDG: radioactief fluor gekoppeld aan een suikervariant) kc

energieverbruik in weefsels worden gekwantificeerd. 18F-FDG PET kan veel extra infoi

geven over tumoruitbreiding, wat vooral nuttig is voor bestralingsplanning. Echter, 18

wordt ook opgenomen in ontstekingsweefsel rond tumoren of in "reactieve" lymfe!

die geen tumorcellen bevatten. Dit vermindert de waarde van 18F-FDG voor het gebr
bestralingsplanning en beoordeling van een tumorreactie op behandeling.
Met PET kunnen ook andere tumorkenmerken worden afgebeeld, afhankelijk v

markeerstof die, radioactief gelabeld, wordt toegediend (tracer). Zo ook hypoxie, prolil

en EGFR. Op deze wijze is het mogelijk om macroscopisch karakteristieken voor en 1

behandeling te monitoren. Mogelijk is het voorkomen van bepaalde tumoreigenschc

of juist de verandering daarvan tijdens behandeling, voorspellend voor de uitkomst v<

patiënt. PET kan helpen om belangrijke keuzes voor het starten van een spei

behandeling te maken, om wijzigingen in therapie vroeg tijdens een behanaeltraject a
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voeren, om de tumor(kenmerken) af te grenzen voor een bestralingsplan, of om te bepalen
waar dosis escalatie van radiotherapie gepland dient te worden.
In dit proefschrift werden verschillende studies gepresenteerd naar de mogelijkheden en
toepassingen van het karakteriseren van verschillende tumoreigenschappen. De nadruk lag
op de niet-invasieve afbeelding van hypoxie, proliferatie en EGFR met PET.

Samenvatting van het proefschrift
In Hoofdstuk 2 werd een overzicht gegeven van de internationale literatuur over de huidige

mogelijkheden van het integreren van 18F-FDG, hypoxie- en proliferatie-gerelateerde PET
modaliteiten in diagnostische en therapie-gerelateerde processen van hoofd-hals kanker
patiënten, om zo geïndividualiseerde therapiemogelijkheden te bevorderen.

In de studie beschreven in hoofdstuk 3 werden 14 tumorlijnen, verkregen uit biopten van
menselijke hoofd-hals tumoren (xenografts), geïmplanteerd en tot groei gebracht in de flank
van naakte muizen. De studie toonde aan, dat met een gelimiteerde set IHC parameters voor
de tumorprocessen metabolisme, hypoxie, proliferatie en doorbloeding, een accurate
toewijzing van individuele tumoren aan de juiste tumorlijn van oorsprong kon worden
uitgevoerd. Mede analyseren van 5 1SF-FDG PET parameters gaf hieraan geen toegevoegde
waarde. Een specifiek gekozen set van IHC parameters, voor meerdere fenotypische
aspecten van hoofd-hals tumoren, kan een basis vormen voor het groeperen van zeer
uniforme tumoren in toekomstige studies.

Lichaamseigen (endogene) hypoxie-gerelateerde markers, zoals carbonische anhydrase IX
(CAIX), kunnen niet-invasief worden afgebeeld met radioactief gelabelde monoklonale
antilichamen als cG250. Echter, het duidelijk afbeelden van de langzame opname van cG250
in tumorcellen kan pas vele dagen na injectie. In hoofdstuk 4 onderzochten we de
mogelijkheid om met radioactief gelabelde F(ab')2 fragmenten van cG250 (89Zr-cG250F(ab')2) een vroegtijdige visualisatie te bewerkstelligen bij een hoofd-hals kanker xenograft
model, met behulp van een kleine-dieren PET. Al 4 uur na iniectie van 89Zr-cG250-F(ab')2
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waren tumoren goed zichtbaar. Verder was er een goede correlatie tussen het 89Zr-<
F(ab' ) 2 radioactieve signaal in tumorcoupes en de IHC kleuring van CAIX.

Afbeelden van radioactief gelabelde markers kan ook gebeuren met single-photon e

computed tomografie (SPECT). Om een goede afbeelding van EGFR te verkrijgen in tur

dient een optimale hoeveelheid radioactief gelabeld cetuximab te worden gebru

hoofdstuk 5 beschreven we de dosis-optimalisatie van m ln-cetuximab voor niet-inv

beeldvormings-kwantificatie van EGFR in een hoofd-hals kanker xenograft model. M
dosis van 10 ng was vanaf 1 dag tot optimaal 7 dagen na injectie een goede

afbeelding van EGFR in tumoren mogelijk, die correleerde met de IHC expressie van E
tumorcoupes.

In hoofdstuk 6 werd een dosis-optimalisatiestudie beschreven voor vroege
beeldvorming van EGFR in een menselijk hoofd-hals kanker xenograft model, met

fragmenten van cetuximab gelabeld aan m lndiurn. Ook hier bleek een dosis van <

optimaal. Tumor EGFR op SPECT was goed zichtbaar na 4 uur en optimaal na 24 uur. [

een basis voor toekomstige studies betreffende vroege beeldvorming van EGFI
radioactief gelabelde cetuximab-F(ab' ) 2 en patiëntselectie voor EGFR remmende thera

Het volgende deel van het proefschrift handelde over de mogelijke rol van de proli
gerelateerde PET tracer 3'-deoxy-3'-18F-fluorothymidine (1SF-FLT) bij de beoordelir
vroege respons bij hoofd-hals kanker patiënten

behandeld met radiotherap

radiotherapie tegelijk met chemotherapie. Voor de studie beschreven in hoofds

werden herhaalde 1SF-FLT PET-CT scans gemaakt bij 48 patiënten; voor aanvan

behandeling, in de tweede week van behandeling en in de vierde week. De opname vi

FLT in de primaire tumoren nam significant af tijdens therapie. Het maximale Standa

Uptake Volume (SUV - een kwantificatiemaat voor tracer opname) zowel als het \
gesegmenteerde PET tumor volume en de afname daarvan tijdens behandeling,

geassocieerd met de klinische uitkomst - een hogere afname was gecorreleerd mi

betere 3-jaars ziektevrije overleving en controle van de tumor en klieren. 1SF-FLT k;
helpen in het sturen van therapie beslissingen in een vroege fase van de behandeling.
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In hoofdstuk 8 werd gekeken naar de mogelijkheid om met (semi-)automatische PET
segmentatie methoden het proliferatieve tumor volume af te grenzen, voor zowel als tijdens
(chemo)radiotherapie in dezelfde groep patiënten als hierboven beschreven. Van de 3
geteste methoden bleek 1 het meest robuust: de fuzzy locally adaptive Bayesian (FLAB)
methode.

Omdat EGFR remming een verandering in proliferatieve activiteit van hoofd-hals tumoren
kan bewerkstelligen, bestudeerden we in hoofdstuk 9 5 patiënten die werden behandeld
met radiotherapie gecombineerd met cetuximab. Voor de behandeling, na de eerste gift
cetuximab en tijdens de eerste en derde week van gecombineerde radiotherapie met
cetuximab, werden 1SF-FLT PET-CT scans gemaakt. Er werd een zeer gevarieerde respons in
18F-FLT signaal gezien na toediening van cetuximab - zowel toe- als afname. Na start van
radiotherapie daalde het signaal bij allen.

ConeSusies
Voor het afbeelden van biologische tumoreigenschappen gerelateerd aan radiotherapie
resistentiemechanismen zijn verscheidene PET tracers beschikbaar. In dit proefschrift
beschreven we enkele PET tracers voor het karakteriseren van hoofd-hals tumoren ten
aanzien van de kenmerken hypoxie, proliferatie en EGFR expressie. Een uitgebreide tumor
karakterisering,
meegewogen,

waarbij
kan

meerdere

intrinsieke

betrouwbaar worden

en

uitgevoerd

micro-milieu
met

een

factoren

worden

gebalanceerde

set

immunohistochemische markers. Vroege niet-invasieve beeldvorming van het endogene
hypoxie-gerelateerde CAIX is mogelijk in preklinische studies, maar moet worden
gevalideerd in de klinische situatie. Er zijn reeds klinische studies gaande betreffende EGFR
beeldvorming. Onze resultaten met preklinische beeldvorming tonen aan, dat de dosering
van het radioactief gelabelde cetuximab belangrijk is voor optimale weergave. F(ab')2
fragmenten van cetuximab zouden in de toekomst EGFR beeldvorming vroeg na injectie
kunnen faciliteren. De waarde van 18F-FLT PET-CT voor vroege proliferatie-respons meting
tijdens (chemo)radiotherapie bij hoofd-hals kanker werd vastgesteld in dit proefschift.
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Gebruikmakend van multipele aspecten van PET beeld interpretatie, stelden we

ve

vroege 18F-FLT tumoropname respons prognostisch was voor klinische uitkomst.

18F-FLT PET gemedieerde visualisatie van tumor proliferatie, zowel als niet-invasiev

visualisatie van andere kenmerkende tumor eigenschappen, zoals EGFR expres:

hypoxie, zouden van toegevoegde waarde kunnen zijn voor gepersonaliseerde patiënt»

en het aansturen van wijzigingen in bestralings-gebaseerde therapie, in een vroeg st
van de behandeling.
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Stellingen behorende bij het proefschrift

PET imaging for characterization of head and neck tumors
Bianca A.W. Hoeben, 17 april 2014
1.

Een gelimiteerde set im m unohistochemische param eters maakt een groeperende
classificatie van fenotypisch uniforme hoofd-hals tum oren mogelijk. 1SF-FDG geeft
dit onderscheid niet afdoende. - dit proefschrift.

2.

Gebruik van gelabelde F(ab')2 fragmenten van monoklonale antilichamen kan
vroegtijdige gerichte beeldvorming van tum oreigenschappen bewerkstelligen.
- dit proefschrift.

3.

Responsmeting van hoofd-hals carcinomen middels 1SF-FLT PET kort na start van
(chemo)radiotherapie geeft richting aan het voorspellen van de uiteindelijke
klinische respons op een moment dat relevante beleidswijzigingen nog mogelijk
zijn. - dit proefschrift.

4.

M et gebruik van hoog ontwikkelde PET segmentatie algoritmen is het mogelijk
om voor en tijdens (chemo)radiotherapie het proliferatieve tum or volume op
gestandaardiseerde wijze te bepalen. - dit proefschrift.

5.

Om tot een betere toepassing van geïndividualiseerde therapie-mogelijkheden
voor hoofd-hals carcinoom patiënten te komen, dienen m eerdere kenmerken van
tum oren macroscopisch en / of microscopisch beoordeeld te worden. Het is
echter onduidelijk welke prijs daaraan hangt.

6.

Hoogstaande imaging- en bestralingstechnieken geven richting aan het verfijnd
convergeren van radiotherapie dosis escalatie, echter over het exacte target
divergeren de meningen.

7.

De radiotherapie richt zich op het felgekleurde deel van de PET-CT scan, de
dokter richt zich op het grijze gebied daarom heen; de patiënt.

8.

Vooruitgang in de kliniek vraagt om snel typende dokters.

9.

You certainly usually find something, if you look, but it is not always quite the
something you w ere after. - J .R .R . Tolkien, The Hobbit

10.

A wom an especially, if she have the misfortune of knowing anything, should
conceal it as well as she can. - J a n e Austen, Northanger Abbey

