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and outline of the thesis
Based on:
Advances in cancer imaging require renewed radiotherapy dose and target volume
concepts.
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General introduction

11

Head and neck cancer
Head and neck cancer (HNC) represents a heterogeneous group of cancers that are
situated in the upper aerodigestive tract. The vast majority (>90%) of these cancers are of
the squamous cell carcinomas (SCC) histopathological subtype, predominantly arising from
the mucosal surface of the oral cavity, pharynx and larynx[1, 2]. In the Netherlands, HNC is
a relatively rare disease, accounting for 2.7% of the total cancer incidence[3]. In 2018,
approximately 3.100 patients were newly diagnosed with the disease, causing more than
900 deaths[3]. The main risk factors for HNSCC are cigarette smoking and excessive
consumption of alcohol[4]. More recently, the human papilloma virus (HPV) has been
recognized as an important risk factor for oropharyngeal cancers in younger, non-smoking
and non-drinking patients[5].
The signs and symptoms of HNSCC vary with the location of the primary tumor site and
stage[2]. Especially in early stage disease, symptoms can often be nonspecific (sore throat,
globus sensation, dysphagia, otalgia or hoarseness) with minimal physical findings[2]. For
these reasons, more than half of the patients will present with locally advanced stage
disease at the time of diagnosis and only one third with early stage disease[6]. Definitive
radiotherapy (RT) with curative intent (combined with chemotherapy for locally advanced
stage disease) is offered to the majority of patients with pharyngeal and laryngeal cancers
without distant metastases. Next to cure, preservation of organ function and quality of life
(QoL) are important considerations in the treatment of HNC. Prognosis in patients with
HNSCC is favorable in case of early stage disease with a 5-year overall survival (OS) of
approximately 80%, but dropping below 50% for locally advanced disease[7].
The treatment of HNSCC has undergone considerable changes in the last decades as a
result of several technological developments and treatment intensifications, affecting
treatment outcomes in terms of toxicity and QoL and/or survival.
Evolving treatment approaches
Traditionally, surgical resection of the primary tumor and cervical lymph node levels was
the mainstay of treatment for advanced stage disease, but the prognosis remained poor
(5yr OS: 20-30%)[8]. Clinical observations in the 1980s suggested that post-operative
radiotherapy (PORT) would improve loco-regional tumor control and there was a broad
consensus that it increased survival (5yr OS: 30-40%)[8-10]. In the late 1990s, it was shown
that PORT with concomitant administration of radio sensitizing chemotherapeutic agents
could further improve survival (5yr OS: 40-50%), especially in cases with high-risk
11
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histopathological features (e.g. involved resection margins or extra nodal spread)[11-13].
In the same period, the Veterans Affairs laryngeal cancer study group demonstrated that
induction chemotherapy with definitive RT for locally advanced laryngeal cancer had
comparable oncologic outcomes compared to a primary surgical approach with PORT, but
without the need for laryngectomy in two thirds of the patients[14]. A major advantage of
this approach was the preservation of organ function and having surgery available as
salvage treatment in case of recurrence. Since then, accumulating evidence became
available, demonstrating equivalent outcomes for concomitant chemoradiotherapy (CRT)
as primary treatment, compared to surgery with PORT[15-19]. For locally advanced
disease, superiority of CRT compared to RT alone was demonstrated in a large metaanalysis of randomized trials[7]. Over time, the treatment of laryngeal and pharyngeal SCC
moved from primary surgical approaches to organ-preserving approaches. Nowadays,
definitive CRT in case of locally advanced disease is considered as the ‘standard of care’
when organ preservation is deemed possible[7].
While QoL was shown to improve with organ preservation compared to
approach[20], the downside of CRT is a substantial increase of acute and late
related toxicity compared to RT alone[16-18, 21-23]. Especially permanent
related sequelae, such as xerostomia and dysphagia, have been shown to be
negative predictors of quality of life[24-26].

a surgical
treatment
radiationimportant

Evolving radiation dose delivery techniques
To provide optimal organ preservation, sparing of normal tissues in the head and neck
area from radiation-induced damage is of the utmost importance. Conventional radiation
dose delivery techniques using basic rectangular treatment fields had minimal ability to
shape dose distribution and to spare normal tissues[27]. This frequently resulted in doselimiting acute toxicity with consequentially poor oncologic treatment outcomes[28-30], as
well as severe late radiation sequelae deteriorating QoL for those who were cured[24].
In time, with increasing computing power, advanced dose delivery techniques such as
intensity-modulated radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT)
became available and were gradually introduced in clinical practice for HNC since the late
1990s. The main principle of these techniques is that radiation is delivered from multiple
angles with simultaneous variation in multi-leaf collimator aperture shape and radiation
dose[31, 32]. Because these techniques provide highly conformal dose distribution with
steep dose gradients to complex target volume shapes, it became possible to deliver high
doses to the tumor while reducing dose to normal tissues[33].
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There is extensive evidence from randomized trials showing a significant reduction of
xerostomia[34-40] and dysphagia[41, 42] with IMRT compared to conventional
techniques. This translates into a clinically meaningful and statistically significant
preservation of QoL during treatment and a more rapid and more complete recovery with
IMRT[34, 38, 43]. Few randomized trials demonstrate significantly improved survival with
IMRT compared to conventional techniques[39, 44], however, this could not be confirmed
in meta-analyses[45, 46].
Evolving radiation target volume nomenclature
In the 1990s, computed tomography (CT) was increasingly used in RT. This enabled 3D
treatment planning, aiming to provide better radiation dose conformity to the tumor in
order to spare adjacent normal tissues. This changed clinical practice by the need for
volumetric contouring of target volumes and organs at risk (OAR) to facilitate treatment
planning[47]. To standardize radiation treatment between centers, a concept with 3
volumes was detailed in Report 50 and 62 from The International Commission of Radiation
Units & Protection (ICRU)[48, 49]. The gross tumor volume (GTV) comprises the gross
demonstratable extent of the primary tumor (GTVp) and nodal metastases (GTVn). The
clinical target volume (CTV) comprises a tissue volume surrounding the GTV to include
microscopic tumor extensions. A GTV-CTV margin of 10mm is commonly used for CTbased delineation in HNC[50]. Additionally, the CTVelective is created to eradicate presumed
microscopic metastases in clinically uninvolved lymph nodes and will encompass large
anatomical volumes of the neck[51]. Finally, the planning target volume (PTV) is created
by adding a 3-5mm margin to the CTVs to take inaccuracies due to patient-beam
positioning into account. Nowadays, this concept with 3 volumes still forms the basis for
radiation treatment with modern dose delivery techniques such as IMRT and VMAT.
Evolving image guidance of treatment
In fractionation in RT, patients need to be positioned multiple times on the treatment unit
during the treatment course, causing set-up variations and inaccuracies in dose delivery.
Traditionally, patient positioning was performed by means of visual alignment of a lightprojection of the radiation field to hand-drawn markings on the patient. In the 1970s,
considerable daily set-up variations were demonstrated using portal films, which visualize
the exit dose during irradiation[52]. Large set-up error margins were used to prevent
insufficient delivery of dose to the tumor that compromises local control, but this also
resulted in overdosing normal tissues which increased toxicity[53]. Because of time
consuming film processing, immediate detection and correction of set-up errors prior to
each fraction (online position verification and correction) was desirable, yet not feasible
13
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until electronic portal imaging devices (EPID) became available in the 1990s[54, 55].
The need for more accurate online position verification further increased with the rise of
IMRT as inaccurate patient positioning could result in a significant underdosage of the
tumor because of the highly conformal dose distribution with steep dose gradients. The
adverse impact of daily setup variation on the quality of overall IMRT delivery was found
to be considerably greater than recognized, because position verification on 2D portal
imaging insufficiently revealed the magnitude of 3D offset vectors, and megavoltage
portal imaging insufficiently revealed changes in soft-tissue volumes, both compromising
dose distribution[56, 57]. Since the early 2000s, kilovolt cone beam computed
tomography (CBCT) devices were installed on treatment units, preluding the era of image
guided radiotherapy (IGRT). CBCT provides volumetric imaging with soft-tissue definition,
enabling 3D verification of the actual target volume position[58]. Several studies have
demonstrated the effectiveness of online CBCT protocols in reducing set-up error[59-61].
Clinical evaluation of set-up error margins reduction from 5mm to 3mm was shown to
have equivalent oncologic outcomes, while reducing treatment related toxicity such as
dermatitis, mucositis and dysphagia[62, 63].
Except for set-up errors, inaccuracies in dose delivery may also be caused by anatomical
variations during the course of radiotherapy as a result of weight loss and treatment
induced shrinkage of the tumor[64, 65]. These volumetric and positional changes of
normal tissues and target volumes are generally associated with a progressive
underdosage of target volumes and progressive increase of the delivered dose to normal
tissues and thus potentially compromising tumor control and toxicity outcomes[66, 67].
With online imaging protocols, anatomical variations can be detected and trigger
adaptation of delineation with replanning of radiation treatment. As such, adaptive
radiotherapy (ART) aims to correct variations in anatomy to optimize dose delivery to the
changing anatomy of the patient. A review of literature demonstrates that ART decreases
the mean dose to the parotid glands up to 6Gy while improving target coverage and
homogeneity, compared to non-ART[68]. However, ART in HNC is relatively new and not
widely implemented in clinical practice, because it is particularly time-consuming and its
technical implementation is challenging. Moreover, low signal-to-noise ratio, strong
artifacts and limited soft tissue contrast of current on-board imaging devices remain an
issue for ART. However, new generation on-board imaging devices such as kilovolt CBCT
providing images comparable to diagnostic CT-scans and integrated magnetic resonance
imaging (MRI) linear accelerator systems became recently commercially available,
providing superior soft tissue resolution[69, 70]. As such, this can further improve IGRT
and ART aiming to provide optimal dose delivery to target volumes and minimizing dose to
normal tissues[66, 68].
14
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Evolving diagnostic imaging techniques
Accurate identification of the location and extent of tumor is of vital importance for
successful treatment. This is especially true in highly conformal dose distribution with
steep dose gradients provided by modern radiation dose delivery techniques. In clinical
practice, identification of tumor volumes is based on the combination of information
derived from clinical examination and diagnostic imaging[71].
For the primary tumor, historically no sufficiently accurate diagnostic imaging techniques
were available to directly visualize the tumor. Direct delineation of the GTVp was
therefore not feasible and compartmental volumes, defined by anatomical boundaries on
conventional x-ray imaging, including the primary tumor as seen with physical
examination were targeted in radiotherapy. The introduction of CT in the 1990s enabled
volumetric delineation of the GTVp, but poor contrast for soft-tissue extensions of the
tumor can lead to significant inaccuracy and inter/intra-observer variations[72, 73]. MRI
has high soft-tissue contrast, and spatial co-registration with CT can be performed
provided that patient set-up is adequate[74]. Delineation of the GTVp on co-registered
CT/MRI imaging reduced inter/intra-observer variation for tumors originated in the oral
cavity, oropharynx and nasopharynx[75-77]. However, with histopathological specimen as
a reference, anatomical imaging (i.e. MRI and CT) tends to overestimate the GTVp volume
with 65-100%[78, 79]. Functional imaging with 18F-fluorodeoxy-D-glucose positron
emission tomography (FDG-PET) provides a non-invasive quantitative assessment of
glucose metabolism. FDG-PET can therefore visualize tumor by exploiting the increased
metabolism of cancer cells, one of the hallmarks of cancer[80]. Delineation of the GTVp on
FDG-PET imaging can eliminate inter/intra-observer variations when automatic
segmentation algorithms are used[81]. FDG-PET based delineation provides smaller GTVp
volumes than CT/MRI, and it was demonstrated that FDG-PET based delineation has the
best correlation with the histopathological reference GTVp[78, 79, 82]. Moreover,
different volumes of the histopathological reference GTVp were missed with each imaging
modality, indicating that the applied modalities are complementary. Therefore, integrated
use of information derived from modern multimodal imaging approaches has increased
the accuracy of GTVp delineation.
Evaluation of cervical nodal metastases, historically relied on mere visual inspection and
palpation, but nodes below 10-15mm were generally missed (except in very slender
patients)[83]. With the introduction of CT in the 1990s and later MRI and ultrasound with
fine needle aspirated cytology (US-FNAC), nodal involvement could be detected earlier
and in more patients as compared to palpation[84, 85]. In subsequent decades CT and MRI
advanced to better image quality, but continued to rely on non-specific morphologic
15
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criteria. The detection threshold of CT was set at 10mm, because of low specificity for
smaller nodes[86]. The detection threshold of MRI could be reduced to 7-10mm when
evaluating features like border irregularity and inhomogeneity of signal intensity[87]. The
highest accuracy was generally reported for US-FNAC, mainly based on the inherent
specificity of positive pathological findings, but with limited sensitivity and practical
limitations in the number of evaluable nodes[85]. The introduction of FDG-PET in the
2000s, enabled functional evaluation of lymph nodes in addition to morphologic
evaluation. Two meta-analyses of standalone FDG-PET in 2008 showed a good accuracy
for staging of the neck, better than conventional anatomical imaging[88, 89]. The image
quality of PET further increased over time and in 2013 and 2015 large meta-analyses
showed superiority of FDG-PET/CT over conventional anatomical imaging for nodal
staging[90, 91]. Moreover, it was demonstrated that FDG-PET resulted in alteration of
nodal treatment in approximately 1 out of 4 patients compared to conventional imaging;
with nodal upstaging in 8-21% and downstaging in 3-11%[92-96]. Histopathological
validation studies evaluating the detection threshold of nodal metastases by FDG-PET/CT
are scarce[97, 98]. One study from 2014 (examining 4378 nodes in 93 patients), reported a
mean size of true-positive nodes of 12.4 ± 6.7mm versus 5.7 ± 4.5mm for false-negative
nodes, suggesting a detection threshold of 5-10mm[97]. Similar results were reported in
another study[98]. More evidence on the detection threshold of FDG-PET/CT is available
from patients with SCC of the uterine cervix who had paraaortic lymph node
dissection[99-102]. One study from 2009 (examining 1976 nodes in 45 patients) reported
a mean size of true-positive nodes of 7.7 ± 2.5mm versus 4.2 ± 1.9mm for false-negative
nodes, suggesting a detection threshold of 5-6mm[99]. Similar results were reported in
another study examining 1081 nodes in 47 patients[100]. Other studies demonstrated that
false-negative nodes could have sizes ranging between 5-10mm, while the size of the
metastatic deposits were much smaller (ranging from a cluster of a few cells to nodules up
to 2mm)[101, 102].
The applied imaging modalities are considered complementary to some extent[103, 104].
Therefore, integrated use of information derived from modern multimodal imaging
approaches has improved the detection threshold for small nodal metastases, with a
rapidly declining number of patients with missed nodal tumor deposits of 5mm and larger.
The next evolution: revision of radiation dose prescription practice
Current dose prescription practice in curative (C)RT for HNC generally consists of two dose
levels and was established in the 1960s[105]. This ‘two-dose-level’ concept is based on the
distinction of two manifestations of tumor. Tumor deposits that can be detected by
diagnostic imaging (i.e. macroscopic) and tumor deposits that cannot be detected because
16
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they are too small, and thus are under the detection threshold of diagnostic imaging (i.e.
microscopic, occult or subclinical). Accordingly, a high ‘boost dose’ is delivered to
macroscopic tumor, and a lower ‘elective dose’ is delivered to normal lymph nodes that
are presumed to possibly harbor microscopic metastases. The current prevailing dose
levels for macroscopic disease (70 Gy in 2 Gy fractions) and for elective nodal treatment
(45–50 Gy in 2Gy fractions) were empirically determined in the 1950s, and have not
changed ever since[106]. However, the definition of what is recognized as ‘macroscopic
disease’ did change over time, as the result of continuously improving diagnostic imaging
techniques. This leads to changes in tumor burden in various radiation target volumes.
For the primary tumor, current state-of-the-art multimodal diagnostic imaging has
increased the accuracy of GTVp delineation. As a consequence, small tumor extensions
that used to remain subclinical and were included in the CTVp, will nowadays be detected
and included in the GTVp. As a result, the CTVp will nowadays contain less subclinical
tumor burden, but is still treated with the unchanged ‘boost dose’. As such, the dose to
the CTVp may currently be higher than necessary, especially in the peripheral zone.
Moreover, the current GTVp-CTVp margin of 10mm may be larger than necessary[107].
Histopathological validation studies have demonstrated that, with modern multimodal
imaging, the distance of microscopic extensions from the edge of the GTVp is much
smaller than 10mm for most of the cases (mobile tongue 4mm 95th percentile[108];
oropharynx 5mm 90th percentile[109]; larynx/hypopharynx 4-6mm 95th percentile[79]).
For nodal metastases, similar consequences are seen. Current state-of-the-art multimodal
diagnostic imaging has improved the detection of small nodal metastases. The
consequence of this is 3-fold. First, small nodal metastases that used to remain subclinical
and were included in the CTVelective, will nowadays be detected and included in the GTVn.
These nodes are treated with the highest ‘boost dose’, which may be unnecessarily high
for the low tumor burden in these nodes. Secondly, the CTVelective will nowadays contain
less subclinical tumor burden, but is still treated with the unchanged ‘elective dose’
originating from the 1950s. This dose was attuned to the high subclinical tumor burden of
that time and thus may currently be higher than necessary. Finally, the prevalence of
subclinical nodal metastasis is nowadays lower in a clinically staged negative neck, while
the nodal levels selected for elective irradiation are still based on historical data.
This indicates that nowadays unnecessary large areas with a decreasing tumor volume are
being irradiated with a radiation dose that is likely to be higher than required. This can be
interpreted as an unintended dose-escalation or overtreatment. Because the dose
required for tumor control is directly dependent on tumor burden (e.g. the number of
malignant cells), the next evolution in radiotherapy should logically be a revision of dose
17
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prescription practice[110]. This revision of dose prescription practice will comprise
replacement of the current ‘two-dose-level’ concept with a novel ‘gradient-dose’ concept
in which dose is prescribed proportional to tumor burden. Quantitative functional imaging
with FDG-PET can help to guide such gradient-dose prescription because FDG-uptake
reflects the number and metabolic activity of tumor cells, and thus tumor burden[111].
In this FDG-PET guided ‘gradient-dose’ prescription concept, the previously mentioned
overtreatment will be corrected by the following interventions:
x The highest dose will be delivered to areas with the highest estimated tumor burden
as indicated by FDG-PET based segmentation of the tumor. High dose will also be
delivered to overtly pathologic nodes with high FDG-uptake.
x A slightly de-escalated dose gradient will be delivered towards the edges of the CTVp
and CTVn that surround the gross tumor volumes. This will address overtreatment of
the decreased tumor burden in these areas, and towards the edges of these volumes.
x An intermediate dose will be delivered to lymph nodes with low-volume disease. These
nodes are characterized by their borderline size and moderate FDG-uptake. This will
address overtreatment of low-volume nodal disease in nodes that were below the
detection threshold of diagnostics in the past, but are nowadays detected.
x A de-escalated elective dose will be delivered to the elective nodal target volume. This
will address overtreatment of the decreased tumor burden in lymph nodes that are
staged negative with current diagnostics.
With the ‘gradient-dose’ concept, radiation treatment will be increasingly individualized.
The highest dose will be targeted to those areas where tumor cell density is highest, and
thus were aggressive treatment is needed most. Step-by-step lower doses will be
delivered to areas with decreasing tumor burden. This approach is expected to result in
lower volumes of healthy tissues being irradiated to unnecessarily high doses, while
maintaining tumor control. The ultimate goal is to minimize treatment related toxicity and
to improve QoL after treatment.
However, to implement the ‘gradient-dose’ concept in daily clinical practice, safety and
efficacy of such treatment must be demonstrated in prospective randomized controlled
trials.
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Outline of the thesis

1

The research described in this thesis forms the basis for the UPGRADE-RT trial.
The UPGRADE-RT trial is a multicenter randomized controlled trial that will evaluate the
safety and efficacy of the FDG-PET guided ‘gradient-dose’ prescription concept in head
and neck squamous cell carcinoma.
The backgrounds, implementation methods and anticipated patient outcomes for imaging
induced target volume transformation and radiation dose reductions in head and neck
cancer are thoroughly discussed in Chapter 2. These concepts form the rationale to
conduct the UGPRADE-RT trial. Moreover, the radiobiological evaluation of dose
reductions in head and neck cancer performed in this chapter forms the theoretical basis
for the (de-escalated) radiation dose levels prescribed in UPGRADE-RT.
The rate of recurrence in electively irradiated lymph nodes with modern radiotherapy
techniques was evaluated and reported in Chapter 3. These data form a reference for the
evaluation of safety in UPGRADE-RT.
Use of FDG-PET in a multicenter setting is at risk for poor reproducibility of quantitative
parameters such as the standardized uptake value (SUV). The work reported in Chapter 4
sought to find a method to improve reproducibility of quantitative data by normalization
with an internal image-derived standard. Results from this analysis form the basis to use
the tumor to cervical spinal cord standardized uptake ratio (SUR) for quantitative FDG-PET
analysis and tumor segmentation performed in UPGRADE-RT.
The work described in Chapter 5 consolidates qualitative visual analysis of nodal FDGuptake, performed by expert nuclear medicine physicians, into a risk classification scale to
estimate nodal tumor burden. These results, in combination with the in Chapter 3
reported size criterion to identify nodes at risk for recurrence after elective irradiation,
form the basis for the nodal risk assessment algorithm used in UPGRADE-RT to allocate
nodes for high-, intermediate- or elective- dose levels.
The impact of FDG-PET/CT-based nodal target volume determination on radiotherapy
outcomes in terms of recurrence and survival are reported in Chapter 6. Clinical evidence
is provided that support the concept of target volume transformation and give an
indication of the potential of FDG-PET to guide the ‘gradient-dose’ prescription concept in
head and neck squamous cell carcinoma.
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In Chapter 7, the evidence provided by the research described in this thesis is
consolidated in the clinical trial protocol of UPGRADE-RT. The first patient was randomized
in July 2016. After a 2-year follow-up period of the last included patient, final analysis is
expected to be performed in 2023.
A general discussion, conclusion and future perspectives, based on the research described
in this thesis, is given in Chapter 8.
Chapter 9 provides a summary of the work in English and Dutch language.
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Abstract
Diagnostic imaging continues to evolve, and now has unprecedented accuracy for
detecting small nodal metastasis. This influences the tumor load in elective target volumes
and subsequently has consequences for the radiotherapy dose required to control disease
in these volumes.
Small metastases that used to remain subclinical and were included in elective volumes,
will nowadays be detected and included in high-dose volumes. Consequentially, high-dose
volumes will more often contain low-volume disease. These target volume
transformations lead to changes in the tumor burden in elective and “gross” tumor
volumes with implications for the radiotherapy dose prescribed to these volumes.
For head and neck tumors, nodal staging has evolved from mere palpation to
combinations of high-resolution imaging modalities. A traditional nodal gross tumor
volume in the neck typically had a minimum diameter of 10–ϭϱථŵŵ͕ ǁŚŝůĞ ŶŽǁĂĚĂǇƐ
much smaller tumor deposits are detected in lymph nodes. However, the current dose
levels for elective nodal irradiation were empirically determined in the 1950s, and have
not changed since.
In this report the radiobiological consequences of target volume transformation caused by
modern imaging of the neck are evaluated, and theoretically derived reductions of dose in
radiotherapy for head and neck cancer are proposed. The concept of target volume
transformation and subsequent strategies for dose adaptation applies to many other
tumor types as well. Awareness of this concept may result in new strategies for target
definition and selection of dose levels with the aim to provide optimal tumor control with
less toxicity.
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Introduction
In the past, the prognosis of patients with squamous cell carcinomas of the upper
aerodigestive tract has been improved by intensifications of radiotherapy. Concomitant
treatment with platinum-based chemotherapy and altered fractionation schedules
improved 5-year local control up to 9.3% and 5-year overall survival up to 6.5%[1, 2].
Adversely, these intensified treatments come at the expense of increased treatmentinduced toxicity. Patients are more frequently confronted with severe acute toxicities such
as mucositis and feeding tube dependency during treatment but also with severe longterm morbidity such as persistent xerostomia and dysphagia[1-5]. Both xerostomia and
dysphagia are important negative predictors of quality of life[6, 7].
As a consequence of improved prognosis, patients will live longer with the burden of
permanent radiation sequelae and the consequential deterioration of quality of life.
Because quality of life is a highly relevant issue in clinical practice, de-intensification of
treatment in order to decrease morbidity without compromising efficacy is increasingly
becoming a topic of interest in clinical research. These considerations unabatedly apply to
the treatment of nodal disease in the neck, because the dose and extent of neck
irradiation can have a significant impact on quality of life[8, 9].
In recent years, technological advancements have improved diagnostic imaging modalities
continuously, with important implications for evaluation of the neck. Combinations of
multiple modalities like computed tomography (CT), magnetic resonance imaging (MRI)
with various sequences, positron emission tomography with Fluor-18-fluorodeoxyglucose
(FDG-PET), ultrasound (US) and ultrasound-guided fine-needle aspiration cytology (USFNAC) now provide unprecedented accuracy for the detection of small nodal metastases.
This influences the definition and contents of nodal target volumes for radiotherapy, and
imposes changes in the radiotherapy dose levels that need to be prescribed to these
volumes. Consequently, this provides a new window of opportunity for treatment deintensification of the neck, in order to decrease treatment-related morbidity without
compromising efficacy.
This review discusses the backgrounds, implementation methods, and anticipated patient
outcomes for target volume transformation and dose reductions in radiotherapy of head
and neck cancer.
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Target volumes and dose: a binary concept
Head and neck squamous cell carcinoma has a high risk of regional lymph node
metastases[10]. It is not uncommon that small nodal metastases remain undetected as
they are below the detection threshold of physical examination and diagnostic
imaging[11]. Clinically undetectable metastases are also known as ‘microscopic’,
‘subclinical’ or ‘occult’ disease.
Already since the 1950s, it was shown that radiotherapy has the potential to achieve high
rates of control in surgically undisturbed cervical lymph node levels with high risk of
subclinical disease[12]. It became general practice to irradiate the neck electively in case
the estimated prevalence of occult nodal metastasis exceeded 20%[13]. This treatment
paradigm was mainly based on the work of Lindberg et al. in the 1960s, describing the
topographical distribution and prevalence of nodal metastases[14]. Since then, a binary
concept was introduced, distinguishing separate target volumes for macroscopic disease
and for subclinical disease. The target volume for macroscopic disease is the gross tumor
volume (GTV) and will encompass the tumor and the detectable lymph node metastases
using information from clinical examination and diagnostic imaging[15]. The clinical target
volume (CTV) is created by expansion of the GTV in order to cover potential microscopic
disease spread in the surrounding normal tissue[16]. The target volume for subclinical
lymph node metastases is the elective CTV and will cover all routes of potential lymphatic
spread of disease[15]. The elective CTV will encompass large anatomical volumes of the
neck, containing a subset of nodal levels based on the tumor site and macroscopic nodal
metastases[17].
As a consequence of separate target volumes for macroscopic disease (GTV) and
subclinical disease (CTV), it became general practice to deliver 2 dose-levels in
radiotherapy for head and neck cancer. The current prevailing dose levels for macroscopic
ĚŝƐĞĂƐĞ ;ϳϬථ'Ǉ ŝŶ Ϯථ'Ǉ ĨƌĂĐƚŝŽŶƐͿ ĂŶĚ ĨŽƌ ĞůĞĐƚŝǀĞ ƚƌĞĂƚŵĞŶƚ ;ϰϱ–ϱϬථ'Ǉ ŝŶ Ϯථ'Ǉ ĨƌĂĐƚŝŽŶƐͿ
were empirically determined in the 1950s and have not changed ever since[12].

Technological improvement of diagnostic imaging
In the 1950s, when the prevailing radiotherapy dose levels for head and neck tumors were
developed, detection of nodal involvement in the neck relied on mere visual inspection
and palpation[12, 14]. Since then, several diagnostic imaging modalities have been
introduced.
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From the 1980s CT and later MRI and US were able to detect nodal involvement earlier
and in more patients as compared to palpation[18, 19]. However, it was soon clear that no
single imaging modality was clearly superior to the other, and that imaging findings
suffered from limited specificity and generally needed to be confirmed by (image-guided)
biopsy. Many subsequent efforts were put in comparing MRI, CT, US and US-FNAC[19].
The highest accuracy was generally reported for US-FNAC, mainly based on the inherent
specificity of positive pathological findings, but with limited sensitivity and practical
limitations in the number of evaluable nodes. In subsequent decades CT and MRI
advanced to better image quality, but these non-invasive modalities continued to rely on
non-specific anatomic criteria and could not provide a large impact on clinical decision
making in nodes sized less than 10–ϭϮථŵŵ[20]. From the 2000s, FDG-PET(/CT) was
introduced as another non-invasive image modality, based on functional evaluation of
glucose metabolism. It was shown that the acquisition and reconstruction of PET images
could be optimized to the anatomical situation of the neck with low attenuation and
scatter, to provide the best possible sensitivity[21]. Two meta-analyses of stand-alone FDG
PET in 2008 showed a good accuracy for staging of the neck, better than conventional
anatomical imaging, and with impact on treatment decisions[15, 22]. The image quality of
PET further increased over time and in 2013 and 2015 large meta-analyses showed
superiority of PET/CT over conventional anatomical imaging for nodal staging[23, 24].
The improved sensitivity of imaging procedures has resulted in higher detection rates of
small metastatic deposits. With palpation, nodes below 10–ϭϱථŵŵĂƌĞŐĞŶĞƌĂůůǇŵŝƐƐĞĚ͕
except in very slender patients. With increasing image quality, size criteria lower than
ϭϬථŵŵ ĨŽƌ ĂŶĂƚŽŵŝĐĂů ŝŵĂŐŝŶŐ ŚĂǀĞ ďĞĞŶ ƐƵŐŐĞƐƚĞĚ͕ ďƵƚ ƚŚŝƐ ƌĞƐƵůƚĞĚ ŝŶ ůŽǁĞƌ
specificity[25]. For FDG-PET/CT, one study from 2014 involving 91 head and neck cancer
patients with a negative neck on palpation reported overall mean size of true positive
ŶŽĚĞƐ ŽĨ ϭϮ͘ϰථŵŵ ;ϵϱй /͗ ϱ͘ϳ–ϭϵ͘ϭථŵŵͿ ǀĞƌƐƵƐ ϱ͘ϳථŵŵ ;ϵϱй /͗ ϭ͘Ϯ–ϭϬ͘ϮථŵŵͿ ŽĨ ĨĂůƐĞ
negative nodes, suggesting a detection thrĞƐŚŽůĚ ďĞƚǁĞĞŶ ϱ ĂŶĚ ϭϬථŵŵ[26]. Similar
observations were previously reported by another group in 2008[27]. For US, size is not
the only relevant parameter, but reasonable sensitivity and accuracy was demonstrated
ĨƌŽŵ ϱථŵŵ ƐŚŽƌƚĞƐƚ ĂǆŝƐ ĚŝĂŵĞƚĞƌ[28]. Accuracy may be further improved by adding
features like shape, vascularity patterns and necrosis[29]. For MRI, the ability to detect
ŶŽĚĂů ŵĞƚĂƐƚĂƐĞƐ ďĞƚǁĞĞŶ ϳ ĂŶĚ ϭϬථŵŵ ǁĂƐ ĚĞŵŽŶƐƚƌĂƚĞĚ ǁŝƚŚ ŐŽŽĚ ƐĞŶƐŝƚŝǀŝƚǇ ĂŶĚ
specificity[30]. This could be improved further by adding features like border irregularity
and homogeneity of signal intensity[30]. CT remains suboptimal for detection of small
lymph nodes[31].
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Despite all advances, no imaging modality is clearly superior and best reported accuracies
are around 75%[32]. The applied modalities are considered complementary to some
extent. Integrated approaches with combined information from MRI, FDG-PET/CT and US,
complemented with additional targeted evaluation of suspect nodes with US-FNAC, are
believed to provide good staging accuracy in most patients[33, 34]. The exact sensitivity
and specificity of many currently applied clinical strategies have not been investigated in
detail but will certainly surpass the value of palpation alone. With current state-of-the-art
dŝĂŐŶŽƐƚŝĐƐƚƌĂƚĞŐŝĞƐ͕ƚŚĞŶƵŵďĞƌŽĨƉĂƚŝĞŶƚƐǁŝƚŚŵŝƐƐĞĚŶŽĚĂůƚƵŵŽƌĚĞƉŽƐŝƚƐŽĨϱථŵŵ
or larger in diameter is rapidly declining.
Based on current and anticipated developments in all imaging modalities, with ever
increasing spatial resolution and continuously developing criteria for interpretation, it can
be assumed that the accuracy of detecting small nodal metastases will further improve
over the coming decades.

Target volume transformation
The improvements in diagnostic imaging of nodal metastases will influence the definition
and contents in terms of tumor load of various target volumes for external beam
radiotherapy, although the impact will vary. Bulk tumor that requires a high (boost)
radiation dose will not be affected significantly by imaging with better spatial resolution
and sensitivity. Therefore, the boost volume will remain largely unchanged. The highest
impact can be expected in the area of small nodal metastases and subclinical disease.
Many small metastases that used to remain undetected and were included in elective
areas (elective CTV), will now be detected and consequently included in high-dose
volumes (GTV). Consequentially, the GTV covers a larger area and will more often contain
small lymph nodes with relatively low-volume disease (Fig. 1A). Metastases that migrated
to GTV are no longer included in the elective CTV. As a result, the new elective CTV now
contains less lymph nodes with less and smaller metastatic deposits and thus, overall the
new elective CTV has less subclinical tumor load (Fig. 1A).
This so-called nodal target volume transformation is defined as “upgrading” small lymph
node metastasis from the elective CTV to the GTV as a result of better imaging sensitivity
(Fig. 1A). As a consequence, not only the overall tumor load in the elective CTV decreases,
but also GTV areas now contain low-volume tumor deposits. This requires reconsideration
of the radiotherapy dose levels prescribed to these volumes (Fig. 1B).

32

–––––––––––––––––––––––––––––––––––––––––––––– Radiotherapy target volume transformation

Fig. 1. Target volume transformation.

2

(A) Nodal target volume transformation is defined as “upgrading” lymph node metastasis
from the elective CTV to GTV based on their increased detectability resulting from
improved diagnostic imaging techniques. Target volume transformation may result in
overtreatment of both volumes. First, the boost-dose is now prescribed to small lymph
node metastases that would have traditionally been treated with the elective dose.
Second, the traditional elective dose is prescribed to the elective CTV while the occult
tumor volume within the elective CTV is decreased as a result of improved diagnostic
imaging. (B) By refining traditional binary dose prescription to a gradient dose prescription
that is proportional to (occult) tumor volume, the current overtreatment can be addressed
in order to decrease treatment-related morbidity without compromising efficacy.

Radiobiological considerations
Withers and colleagues postulated that in a population of patients that harbor occult
metastases, the logarithm of the number of metastatic tumor cells per patient is uniformly
distributed because of a near exponential growth of small tumor deposits[35, 36]. In such
a population, the effective dose–response relation for control of occult metastases equals
the weighted average of multiple dose–response curves for the subclinical tumor burden
of all individual patients of the population. Tumor control is an exponential function of the
number of surviving tumor cells, which is an exponential function of the dose. The
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resulting effective dose–response relation for control of occult metastases in a population
of patients is near-linear (Fig. 2A) [35, 36]. An extensive survey of 24 datasets on elective
neck irradiation in head and neck squamous cell carcinoma indeed demonstrated a nearlinear dose–response relationship for control of occult metastases in the population[37].
Two important factors that affect the dose required to achieve control of occult nodal
metastases in a patient population are the pre-treatment occult tumor load (i.e. the
number of undetected tumor cells) and the prevalence of occult metastases within the
population.
First, the pre-treatment occult nodal tumor load directly affects the slope of the effective
dose–response curve as lower numbers of tumor cells require less dose to all be sterilized.
The pre-treatment occult nodal tumor load is dependent on the maximum size of
metastases that remain undetected and is therefore directly dependent on the detection
threshold of diagnostic imaging. It must be emphasized that with the maximum size of
nodal metastases, the actual size of the metastatic tumor within the lymph node is meant
and not the size of the lymph node itself. Assuming a spherical shape of occult nodal
ŵĞƚĂƐƚĂƐĞƐ͕ĂƚƵŵŽƌĐĞůůĚĞŶƐŝƚǇŽĨϭϬϴĐĞůůƐƉĞƌŵůĂŶĚĂƐƵƌǀŝǀŝŶŐĨƌĂĐƚŝŽŶĂƚϮථ'Ǉ;^&2Gy)
of 0.5, the effective dose–response curve can be calculated for a range of maximum sizes
of occult metastasis that may be present in a population of patients assuming that all
patients harbor occult metastases (Fig. 2B)[38]. For example, if in such a population the
ŵĂǆŝŵƵŵĚŝĂŵĞƚĞƌŽĨƵŶĚĞƚĞĐƚĞĚŶŽĚĂůŵĞƚĂƐƚĂƐĞƐŝƐůĞƐƐƚŚĂŶϱථŵŵ͕ƚŚĞƚƵŵŽƌĐŽŶƚƌŽů
probability of occult disease would be approximately 70% after elective irradiation using
ĂŶĞƋƵŝǀĂůĞŶƚĚŽƐĞŽĨϯϲථ'ǇŝŶϮථ'ǇĨƌĂĐƚŝŽŶƐ;YϮͿ͘
Second, the prevalence of occult nodal metastases directly affects the dose required to
achieve a certain control rate of occult nodal metastases in the population. In head and
neck squamous cell carcinoma, the prevalence of occult cervical nodal metastases ranges
between 10% and 35% in a clinically negative neck (cN0), dependent on the site of the
primary tumor and the T-stage[11].
In the previous example, it was assumed that all patients in the population would harbor
occult nodal metastases. However, in case of a lower prevalence the control probability of
occult disease for the whole population would increase while using the same dose. For
example, when a population with a maximum diameter of undetected nodal metastases
ŽĨ ůĞƐƐ ƚŚĂŶ ϱථŵŵ ĂŶĚ Ă ϮϬй ƉƌĞǀĂůĞŶĐĞ ŽĨ ŽĐĐƵůƚ ĚŝƐĞĂƐĞ ŝƐ ĞůĞĐƚŝǀĞůǇ ŝƌƌĂĚŝĂƚĞĚ ǁŝƚŚ
ϯϲථ'Ǉ ;YϮͿ͕ ƚŚĞ ƚƵŵŽƌ ĐŽŶƚƌŽů ƉƌŽďĂďŝůŝƚǇ ŽĨ ŽĐĐult disease in the whole population
would be approximately 94%. This equals the 70% control of occult disease due to elective
irradiation in the 20% of patients that do harbor occult nodal disease, plus 100% control in
the 80% of patients without occult disease.
34

–––––––––––––––––––––––––––––––––––––––––––––– Radiotherapy target volume transformation

Fig. 2. Dose response of subclinical disease.
(A)
Assuming
a
uniform
distribution of the logarithm of
the number of metastatic tumor
cells in a population of patients
harboring occult metastases, the
effective dose–response curve for
control of occult disease is nearlinear in such population[35, 36].
An SF2Gy value of 0.5 was used.
(B) The slope of the effective
dose–response
curve
is
dependent on the maximum size
of undetected metastases (i.e.
the number of occult tumor cells)
and is therefore dependent on
the detection threshold of
diagnostic imaging. A tumor cell
density of 108 cells per ml was
used and a spherical shape of
occult metastases was assumed.
(C) The effect of prevalence and
maximum
diameter
of
undetected metastases on the
dose required to achieve a 95%
control rate of occult disease.
Between a maximum diameter of
3–ϭϬථŵŵ͕ ƚŚĞ ĐƵƌǀĞƐ ĂƉƉƌŽĂĐŚ
linearity.
Therefore,
these
radiobiological models suggest
ƚŚĂƚ
ĨŽƌ
ĞǀĞƌǇ
ϭථŵŵ
improvement of the detection
threshold of diagnostic imaging
(within the range 3–ϭϬථŵŵͿ͕ ƚŚĞ
elective dose may be reduced by
1.0–ϭ͘Ϯථ'ǇǁŝƚŚŽƵƚĐŽŵƉƌŽŵŝƐŝŶŐƚŚĞϵϱйĐŽŶƚƌŽůƌĂƚĞŽĨŽĐĐƵůƚĚŝƐĞĂƐĞ;&ŝŐ͘ϮͿ͘
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In head and neck squamous cell carcinoma, the control rate of electively irradiated lymph
ŶŽĚĞ ĂƌĞĂƐ Ăƚ ϮථǇĞĂƌƐ ĂĨƚĞƌ ƚƌĞĂƚŵĞŶƚ ŝƐ ĂƉƉƌŽǆŝŵĂƚĞůǇ ϵϱй[39]. The dose required to
achieve a 95% control rate of occult disease can be calculated for different prevalences of
occult disease and for a range of maximum sizes of occult metastasis that may be present
within the population (Fig. 2C). Interestingly, if the maximum diameter of undetected
ŵĞƚĂƐƚĂƐŝƐŝƐďĞƚǁĞĞŶϯĂŶĚϭϬථŵŵ͕ƚŚĞĐƵƌǀĞƐĂƌĞŵŽƌĞŽƌůĞƐƐůŝŶĞĂƌ;&ŝŐ͘ϮͿ͘dŚĞƌĞĨŽƌĞ͕
these radiobiolŽŐŝĐĂůŵŽĚĞůƐƐƵŐŐĞƐƚƚŚĂƚĨŽƌĞǀĞƌǇϭථŵŵŝŵƉƌŽǀĞŵĞŶƚŽĨƚŚĞĚĞƚĞĐƚŝŽŶ
threshold of diagnostic imaging (within the range 3–ϭϬථŵŵͿ͕ ƚŚĞ ĞůĞĐƚŝǀĞ ĚŽƐĞ ŵĂǇ
theoretically be reduced by 1.0–ϭ͘Ϯථ'Ǉ ǁŝƚŚŽƵƚ ĐŽŵƉƌŽŵŝƐŝŶŐ ƚŚĞ ϵϱй ĐŽŶƚƌŽů ƌĂƚĞ ŽĨ
occult disease (Fig. 2C). Because no imaging modality supports the detection of tumor
deposits at the sub-millimeter level, de-ĞƐĐĂůĂƚŝŽŶ ŽĨ ƚŚĞ ĞůĞĐƚŝǀĞ ĚŽƐĞ ďĞůŽǁ ϯϬථ'Ǉ
without compromising control of subclinical disease seems to be unrealistic in the near
future (Fig. 2C).

Toward a gradient dose prescription
Head and neck cancer
Target volume transformation due to improved diagnostic imaging results in unintentional
overtreatment of the neck in radiotherapy for head and neck cancer (Fig. 1A). Three
situations of overtreatment can be distinguished:
1) The boost-dose is nowadays prescribed to relatively small lymph node
metastases, that were treated with the elective dose in the past.
2) The traditional elective dose is prescribed to an elective CTV that currently has a
much lower tumor load.
3) The traditional nodal levels selected for elective irradiation are still based on
historical data of neck surgery or recurrence after radiotherapy, while the
prevalence of subclinical disease nowadays is lower.
This current overtreatment of the neck provides a new window of opportunity for
treatment de-intensification, in order to decrease treatment-related morbidity without
compromising efficacy. The traditional binary dose prescription should be refined into a
gradual prescription with dose being proportional to tumor load and the estimated
prevalence of occult disease (Fig. 1B).
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A combination of the following approaches can be considered:
1) Introduction of an intermediate dose level can address the current overtreatment of
relatively small lymph node metastases that are nowadays treated with the boost dose
but were treated with the elective dose in the past.
Studies assessing recurrence in the electively irradiated neck may identify selection
criteria for lymph nodes that can be treated with intermediate dose. A recent analysis on
recurrence in electively irradiated lymph nodes in 264 head and neck cancer patients
identified nodal volume and size (summed long- and short-ĂǆŝƐ ĚŝĂŵĞƚĞƌ шϭϳථŵŵͿ ĂƐ
important risk factors for nodal failure after elective irradiation with an equivalent dose of
ϰϱථ'Ǉ ŝŶ Ϯථ'Ǉ ĨƌĂĐƚŝŽŶƐ ;YϮͿ[39]. Because of a limited positive predictive value, it was
concluded that nodal size could not be the sole selection criterion[39]. It was suggested
that the combination of nodal size and FDG-uptake as a surrogate parameter for tumor
cell density may provide an estimate of tumor load and subsequently, the radiation dose
required for control[40]. For well selected small metastases, an intermediate dose level of
ϲϬථ'Ǉ ;YϮͿ ŵĂǇ ďĞ ƐƵĨĨŝĐŝĞŶƚ ĂƐ ŶŽ ƌĞĐƵƌƌĞŶĐĞƐ ŝŶ ĞůĞĐƚŝǀĞůǇ ŝƌƌĂĚŝĂƚĞĚ ůǇŵƉŚ Ŷodes
were observed above this dose in the previously mentioned retrospective analysis[39].
Radiobiological evaluations in this manuscript also show a high tumor control probability
ĂƚƚŚĞϲϬථ'ǇĚŽƐĞůĞǀĞů;&ŝŐ͘ϮͿ[35, 36].
To date, there is only one ongoing multi center randomized controlled trial that
investigates the safety and long-term morbidity of a gradient dose prescription with the
introduction of an intermediate dose level and de-escalation of the elective dose in the
treatment of oropharyngeal, laryngeal and hypopharyngeal squamous cell carcinoma
(NCT02442375)[41]. In this study, named the UGPRADE-RT trail, 300 patients will be
accrued in 6 head and neck cancer centers in the Netherlands and will be randomized
(ratio 2:1) to gradient dose prescription or to traditional binary dose prescription[41].
Treatment arms will be balanced for tumor site, human papillomavirus (HPV)-status (in
case of oropharyngeal cancers) and stage using minimization with a random element. A
radiotherapy planning FDG-PET/CT-scan in treatment position using an individual head,
neck and shoulders immobilization mask will be acquired in all patients. In the
intervention arm, based on a risk-assessment algorithm using nodal size and nodal FDGuptake, lymph nodes are seůĞĐƚĞĚĨŽƌƚƌĞĂƚŵĞŶƚǁŝƚŚĂŶŝŶƚĞƌŵĞĚŝĂƚĞĚŽƐĞůĞǀĞůŽĨϲϬථ'Ǉ
;YϮͿ͘ /ƌƌĞƐƉĞĐƚŝǀĞ ŽĨ ƚƵŵŽƌ ƐŝƚĞ Žƌ ,Ws-status, dose to the elective neck is being deĞƐĐĂůĂƚĞĚ ƚŽ ϯϱථ'Ǉ ;YϮͿ ǀĞƌƐƵƐ ϰϱථ'Ǉ ;YϮͿ ŝŶ ƚŚĞ ĐŽŶƚƌŽů Ăƌŵ͘ ŽƐĞ ƉƌĞƐĐƌŝƉƚŝŽŶ ƚŽ
gross tumor will be ĞƋƵĂůŝŶďŽƚŚƚƌĞĂƚŵĞŶƚĂƌŵƐ͕ϳϯථ'Ǉ;YϮͿƚŽƚŚĞŵĞƚĂďŽůŝĐƚƵŵŽƌ
ǀŽůƵŵĞ;DdsͿĂŶĚϲϳථ'Ǉ;YϮͿƚŽƚŚĞds͘ŶĂĐĐĞůĞƌĂƚĞĚĨƌĂĐƚŝŽŶĂƚŝŽŶƐĐŚĞŵĞǁŝůůďĞ
ƵƐĞĚĚĞůŝǀĞƌŝŶŐϯϰĨƌĂĐƚŝŽŶƐŽĨϮථ'ǇŝŶϱ͘ϱථǁĞĞŬƐ;ϲĨƌĂĐƚŝŽŶƐƉĞƌǁĞĞŬͿ͘
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2) De-escalation of the elective dose can address the current overtreatment of the elective
CTV resulting from a decreased occult tumor load. With current state-of-the-art diagnostic
ƐƚƌĂƚĞŐŝĞƐ͕ ƚŚĞ ŶƵŵďĞƌ ŽĨ ƉĂƚŝĞŶƚƐ ǁŝƚŚ ŵŝƐƐĞĚ ŶŽĚĂů ĚĞƉŽƐŝƚƐ ŽĨ ϱථŵŵ Žƌ ůĂƌŐĞƌ ŝŶ
diameter is rapidly declining. Radiobiological evaluations described in this manuscript
theoretically support reduction of the elective dose to approximately 35–ϰϬථ'Ǉ;YϮͿƚŽ
achieve a control probability of approximately 95% (Fig. 2C).
Because the drainage patterns of the cervical lymphatic system follow predictable routes,
detailed descriptions of the topographical distribution and prevalence of (occult) nodal
metastases are available[14, 42, 43]. As such, it is even conceivable to envision a graded
dose prescription within the elective CTV based on the prevalence of occult metastases
per anatomical nodal level. For example, nodes at the first draining station may receive a
ĚŽƐĞ ŽĨ ϰϬථ'Ǉ ;YϮͿ ǁŚĞƌĞĂƐ ƐĞĐŽŶĚĂƌǇ ĂŶĚ tertiary stations may receive further
stepwise de-escalated doses because they have a lower probability of occult disease.
De-escalation of the elective dose was investigated in a multicenter randomized clinical
trial[44]. A total of 200 head and neck cancer patients were randomized to elective
ƚƌĞĂƚŵĞŶƚŽĨƚŚĞŶĞĐŬƵƐŝŶŐĂϱϬථ'ǇŽƌϰϬථ'ǇĚŽƐĞůĞǀĞůƐ͘ĨƚĞƌĂϮ-year follow-up period,
there was no statistically significant difference in survival or regional recurrence. Two
ƉĂƚŝĞŶƚƐ ŚĂĚ ƌĞĐƵƌƌĞŶĐĞ ŝŶ ĞůĞĐƚŝǀĞůǇ ŝƌƌĂĚŝĂƚĞĚ ůǇŵƉŚ ŶŽĚĞƐ ƵƐŝŶŐ ƚŚĞ ϰϬථ'Ǉ ĚŽƐĞ ůĞǀĞů͕
ǀĞƌƐƵƐŽŶĞƉĂƚŝĞŶƚǁŝƚŚƚŚĞϱϬථ'ǇĚŽƐĞůĞǀĞů͘ƐŝŐŶŝĨŝĐĂŶƚƌĞĚƵĐƚŝŽŶŽĨǆĞƌŽƐƚŽŵŝĂĂŶĚĂ
trend toward less dysphagia was found in ƚŚĞϰϬථ'ǇĞůĞĐƚŝǀĞƚƌĞĂƚŵĞŶƚĂƌŵ[44]. The same
research group also analyzed a prospective cohort consisting of 233 head and neck cancer
ƉĂƚŝĞŶƚƐ͕ Ăůů ƚƌĞĂƚĞĚ ǁŝƚŚ Ă ϰϬථ'Ǉ ĞůĞĐƚŝǀĞ ĚŽƐĞ ůĞǀĞů[45]. The 2-year actuarial rate of
recurrence in electively irradiated lymph nodes was 3.9% (95% CI: 1.8–6.0)[45]. A recent
retrospective analysis, demonstrated a comparable rate of recurrence in electively
irradiated lymph nodes of 5.1% (95% CI: 2.4–ϳ͘ϴйͿ ƵƐŝŶŐ Ă ϰϱථ'Ǉ ;YϮͿ ĞůĞĐƚŝǀĞ ĚŽƐĞ
level[39]. De-ĞƐĐĂůĂƚŝŽŶ ŽĨ ƚŚĞ ĞůĞĐƚŝǀĞ ĚŽƐĞ ƚŽ ϯϲථ'Ǉ ;YϮͿ ŝŶ ĐŽŵďŝŶĂƚŝŽŶ ǁŝƚŚ
concomitant platinum-based chemotherapy was investigated in a prospective single-arm
trial enrolling 54 head and neck cancer patients (57% of whom had HPV positive disease)
[46]. After a median follow-ƵƉƉĞƌŝŽĚĨŽƌƐƵƌǀŝǀŝŶŐƉĂƚŝĞŶƚƐŽĨϯϲථŵŽŶƚŚƐ͕ŶŽƌĞĐƵƌƌĞŶĐĞƐ
in electively irradiated lymph nodes were observed[46].
Currently, there are few ongoing trials investigating the safety and toxicity of de-escalation
of the elective dose. The previously mentioned UPGRADE-Zd ƚƌŝĂů ŝŶǀĞƐƚŝŐĂƚĞƐ Ă ϯϱථ'Ǉ
;YϮͿ ǀĞƌƐƵƐ ϰϱ ;YϮͿ ĞůĞĐƚŝǀĞ ĚŽƐĞ ůĞǀĞů (NCT02442375)[41]. Another prospective
single-arm trial investigates de-ĞƐĐĂůĂƚŝŽŶŽĨƚŚĞĞůĞĐƚŝǀĞĚŽƐĞƚŽϰϬථ'Ǉ;EdϬϯϬϲϳϲϭϬͿ͘
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3) The selection of neck levels for elective treatment needs to be adapted as a
consequence of the increased accuracy of diagnostic imaging. As a result of a decreasing
prevalence of occult metastases in radiologically uninvolved lymph node levels, it is
conceivable that elective irradiation can be omitted in those areas having the lowest
prevalence of occult nodal metastases. For example, if the primary and secondary draining
nodal levels are negative by current modern imaging, the tertiary draining level is at very
low risk and may not need elective treatment.
The single-arm INFIELD trial investigates the safety and toxicity of de-escalation of the
ĞůĞĐƚŝǀĞĚŽƐĞϰϬථ'Ǉ;YϮͿŝŶĐŽŵďŝŶĂƚŝŽŶǁŝƚŚĂŶĂůƚĞƌĞĚƐĞůĞĐƚŝŽŶŽĨĞůĞĐƚŝǀĞdsĂƌĞĂƐ
in head and neck cancer (NCT03067610). Following an ‘involved node’ approach, elective
irradiation of nodal levels III and IV will only be done in case of pathologic lymph nodes in
the directly adjacent proximal level. Irradiation of level IB or V will only be done in case of
suspicious or pathologic lymph nodes in these levels.
As a consequence of better diagnostic imaging, the risk assessment for contralateral nodal
involvement probably also changes. Tumors approaching the midline, advanced T-stage
and (multiple) ipsilateral nodal metastases are known risk-factors for contralateral nodal
involvement in head and neck cancer[47-53]. Due to increased diagnostic accuracy, also
the indications for elective irradiation of contralateral nodal areas need refinement with
the likely result that more patients can be spared the morbidity of bilateral neck
treatment. The single-arm SUSPECT trial evaluates the feasibility, safety and toxicity of a
non-invasive sentinel node mapping procedure in order to facilitate selection of elective
CTV in patients with unilateral cT1-3N0-2b head and neck cancer (NCT02572661). Sentinel
node mapping using SPECT-CT will be performed and based on the absence or presence of
contralateral tracer accumulation, elective irradiation of the ipsilateral or bilateral neck
will be administered.
Other tumor sites
Obviously, the concept of target volume transformation and subsequent strategies for
dose adaptation applies to many other tumor types in which routine treatment includes
elective irradiation of nodal areas or other tissues. These include, but are not limited to
cancers of the breast, cervix, prostate, lung, esophagus, rectum and bladder. The benefit
of dose de-escalation on toxicity may vary based on the anatomical location of target
volumes and the surrounding normal tissues. Also, the degree of dose de-escalation may
vary between tumor types, depending on the detection threshold of imaging modalities,
radiation sensitivity of the tumor and radiation tolerance of nearby normal tissues.
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Discussion
The results of this manuscript support the concept of improved diagnostic imaging
resulting in “migration” of small tumor deposits to different target areas, subsequently
altering the overall tumor load of target volumes. Radiobiological evaluations described in
this manuscript support the implications for dose reduction to these target volumes. This
is arguably relevant for high dose and elective volumes, with potential consequences for
various tumor types. However, this concept is based on theoretical considerations, and
should not be considered as proof of clinical relevance or benefit.
Our radiobiological evaluations suggest a linear relationship between dose and tumor
control for a patient population with a variety of tumor sizes in the relevant range of 3–
ϭϬථŵŵ͘dŚĞƌĞŝƐŶŽƐŽůŝĚĞǀŝĚĞŶĐĞƚŽƐƵƉƉŽƌƚƚŚĞůŝŶĞĂƌŝƚǇŽĨƚŚŝƐĚŽƐĞ–effect relation and
neither on the chances of tumor eradication in elective areas with undetected tumor
deposits below size thresholds in this range. Additional support for dose reductions in
target areas with low-volume tumor deposits could be pursued with pre-clinical research.
Tumor volume, however, is not the only factor that may affect the dose–response
relationship and regional control in head and neck cancer. Variations in patient related
factors (e.g. gender, hemoglobin blood level, leukocytosis and smoking during
radiotherapy), etiology (e.g. alcohol, smoking and HPV-associated cancers) and biological
factors of the tumor (e.g. intrinsic radiosensitivity, hypoxia and proliferation) are known to
affect the dose–response relationship and regional control in head and neck cancer [54,
55]. Obviously, concomitant treatment with radiosensitizing therapeutic agents may also
alter the dose–response relationship (e.g. platinum-based chemotherapeutics, epidermal
growth factor receptor inhibitors, hypoxic sensitizers and maybe in the future
immunotherapy).
A selection of these previously mentioned factors are already used to stratify patients for
treatment de-intensification in prospective trials. The most extensively investigated
biomarker for stratification is the HPV status in oropharyngeal squamous cell carcinoma.
Strategies for treatment de-intensification in case of HPV-positive disease involve
reduction of chemotherapy (reduced dose cisplatin, omitting chemotherapy or
replacement of cisplatin with cetuximab) or reduction of radiotherapy dose and/or
volumes in good responders after induction chemotherapy or minimally invasive surgery
[56, 57]. PET-tracers targeting factors that affect the dose–response relationship can also
serve for stratification of patients for dose de-escalation. For example, 18F-FMISO
(fluoromisonidazole), a tracer targeting hypoxia is currently prospectively being
investigated to guide dose de-escalation to pathological lymph nodes without hypoxia in
40
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HPV positive oropharyngeal cancer patients (NCT00606294)[58]. Moreover, quantitative
parameters derived from FDG-PET such as maximum FDG-uptake, metabolic tumor
volume, and total lesion glycolysis have been shown to provide important prognostic
information in head and neck cancer and can also be considered for stratification of
patients for dose de-escalation (for example the earlier mentioned UPGRADE-RT trial)[41,
59, 60].
Ultimately, clinical trials should be designed to explore the feasibility and safety of dose
reductions to relevant target areas. Some trials are already ongoing, in the areas of new
intermediate dose levels for macroscopic tumor, de-escalated doses to elective nodal
areas, and adapted definition of target areas based on improved imaging strategies. These
studies will provide data needed to support further adaptations of target area definition
and dose de-escalation in clinical practice. However, one should be aware that diagnostic
imaging has been improving over the past years, and consequentially that target volume
transformation already happens today. For the therapeutic consequences, the results of
the studies discussed previously must be awaited. Until that moment, the authors of this
manuscript advise against target area adaptation or dose de-escalation based on assumed
improvements in diagnostic imaging outside clinical trials.

Conclusion
The increasing sensitivity of diagnostic imaging for small nodal metastases and the
resulting target volume transformations potentially have consequences for target volume
definitions and dose prescription practices in radiotherapy. Adaptations in historical dose
levels and elective nodal volumes may be required for head and neck cancer, and probably
for several other tumor types as well. Awareness of this concept will facilitate clinical
research, which may result in new strategies for target definition and selection of dose
levels, with the aim to provide optimal tumor control with less toxicity.
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Abstract
Purpose: To provide a comprehensive risk assessment on the patterns of recurrence in
electively irradiated lymph node regions after definitive radiation therapy for head and
neck cancer.
Methods and Materials: Two hundred sixty-four patients with stage cT2-4N0-2M0 squamous
cell carcinoma of the oropharynx, larynx, or hypopharynx treated with accelerated
intensity modulated radiation therapy between 2008 and 2012 were included. On the
radiation therapy planning computed tomography (CT) scans from all patients, 1166
lymph nodes (short-ĂǆŝƐĚŝĂŵĞƚĞƌшϱŵŵͿůŽĐĂůŝǌĞĚŝŶƚŚĞĞůĞĐƚŝǀĞǀŽůƵŵĞǁĞƌĞŝĚĞŶƚŝĨŝĞĚ
and delineated. The exact sites of regional recurrences were reconstructed and projected
on the initial radiation therapy planning CT scan by performing co-registration with
diagnostic imaging of the recurrence.
Results: The actuarial rate of recurrence in electively irradiated lymph node regions at 2
ǇĞĂƌƐ ǁĂƐ ϱ͘ϭй ;ϵϱй ĐŽŶĨŝĚĞŶĐĞ ŝŶƚĞƌǀĂů: Ϯ͘ϰй-ϳ͘ϴйͿ͘ sŽůƵŵĞƚƌŝĐ ĂŶĂůǇƐŝƐ ƐŚŽǁĞĚ ĂŶ
increased risk of recurrence with increasing nodal volume. Receiver operating
characteristic analysis demonstrated that the summed long- and short-axis diameter is a
ŐŽŽĚĂůƚĞƌŶĂƚŝǀĞĨŽƌůĂďŽƌŝŽƵƐǀŽůƵŵĞĐĂůĐƵůĂƚŝŽŶƐ͕ƵƐŝŶŐшϭϳŵŵĂƐĐƵƚ-ŽĨĨ;ŚĂǌĂƌĚƌĂƚŝŽ:
ϭϳ͘ϴ͖ϵϱйĐŽŶĨŝĚĞŶĐĞŝŶƚĞƌǀĂů: ϱ͘ϳ-ϱϱ͘ϭ͖p<0.001).
Conclusions: An important risk factor was identified that can help clinicians in the
pretreatment risk assessment of borderline-ƐŝǌĞĚ ůǇŵƉŚ ŶŽĚĞƐ͘ EŽƚ ŽǀĞƌƚůǇ ƉĂƚŚŽůŽŐŝĐ
nodes with a summed diameter ш17 mm may require a higher than elective radiation
therapy dose. For low-risk elective regions (all nodes <17 mm), the safety of dose deescalation ďĞůŽǁƚŚĞƚƌĂĚŝƚŝŽŶĂůϰϱƚŽϱϬ'ǇƐŚŽƵůĚďĞŝŶǀĞƐƚŝŐĂƚĞĚ͘
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Introduction
In definitive radiation therapy (RT) for head and neck cancer, generally 2 dose levels are
delivered: a high dose, the so-called “boost dose” to eradicate macroscopic tumor, and a
lower dose, the so-called “elective dose” to achieve control of clinically occult metastasis
in cervical lymph nodes. The current dose prescribed to the elective volume is ϰϱƚŽϱϬ Gy
in 1.8- to 2.0-Gy fractions and is based on ůŝƚĞƌĂƚƵƌĞ ĨƌŽŵ ƚŚĞ ϭϵϱϬƐ[1]. At that time,
assessment of the neck only consisted of physical examination, owing to the lack of
sufficiently sensitive diagnostic imaging of lymph nodes. Today, ultrasound (US) with fine
needle aspirated cytology (FNAC), computed tomography (CT), and magnetic resonance
imaging (MRI) have a high sensitivity and specificity in the detection of nodal metastasis in
head and neck cancer[2], even in a neck without palpable nodes[3].
As a consequence of the implementation of high resolution diagnostic imaging techniques,
tumor deposits measuring only a few millimeters are now detected and added to the
boost volume. It is therefore plausible that nowadays, occult tumor load in radiologically
uninvolved nodes is much smaller than in the era before the implementation of these
imaging techniques. However, the RT dose prescription practice for elective nodal regions
has not kept pace with these developments.
Because bilateral irradiation of cervical lymph node regions contributes to dysphagia and
xerostomia in a dose dependent way[4, ϱ], dose reduction to these regions can open a
window of opportunity to reduce toxicity and improve quality of life after treatment[6].
Not surprisingly, this is increasingly becoming a topic of interest[7-10].
However, studies specifically reporting recurrence in electively irradiated lymph node
regions are scarce, and risk factors for recurrence in these regions are still largely
unknown. Therefore, the main purpose of this study was to investigate patterns of
recurrence in electively irradiated lymph node regions in a large consecutive patient
cohort and to provide reference data for future studies aiming to de-escalate elective
irradiation dose in head and neck squamous cell carcinoma (SCC).
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Methods and Materials
Patient selection
Patients who were treated for head and neck cancer between January 2008 and
December 2012 at the Department of Radiation Oncology at the Radboud University
Nijmegen Medical Center (Nijmegen, The Netherlands) were screened for inclusion in this
retrospective study. Included were all patients treated with curative intent using
accelerated intensity modulated radiation therapy (IMRT) with simultaneous integrated
boost (SIB) for histologically proven SCC of the oropharynx, hypopharynx, or larynx, staged
cT2-4N0-2M0. Excluded were patients treated with concomitant chemotherapy or epidermal
growth factor receptor inhibitors or patients who had surgery for this tumor.
Diagnostic workup and follow-up
Diagnostic workup consisted of physical examination and flexible endoscopy of the upper
aero-digestive tract, with histologic biopsy of the tumor. For oropharyngeal tumors, a MRI
scan of the head and neck area was acquired. A CT scan was acquired in case of laryngeal
and hypopharyngeal tumors. Additional evaluation of the neck was performed with USFNAC. Cytologic samples were routinely acquired for nodes located in first echelon levels
with a short-axis diameter ш7 mm (level II) or шϱ ŵŵ ;ůĞǀĞůƐ ///-VI). A chest x-ray was
acquired in all patients, and in case of suspected lesions or extensive nodal disease, a
chest CT scan was done. An 18F-fluorodeoxyglucose positron emission tomography (FDGPET) scan was acquired in patients with extensive nodal disease, to screen for distant
metastasis. All patients were evaluated by the multidisciplinary head and neck oncology
team for tumor classification and treatment recommendations.
Standard oncologic follow-up was performed every 2, 3, and 4 months in the first, second,
and third year after treatment, respectively. Evaluation of recurrence was done clinically.
If recurrence was suspected, additional diagnostic imaging was performed, and histology/
cytology was acquired for confirmation. If there was no evidence of disease 3 years after
treatment, routine follow-up was suspended.

ϱϬ
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External beam radiation therapy
All patients were treated with accelerated IMRT with simultaneous integrated boost. A
head and neck support and a thermoplastic head and neck mask, both custom made, were
ƵƐĞĚ ƚŽ ŝŵŵŽďŝůŝǌĞ ƉĂƚŝĞŶƚƐ ĚƵƌŝŶŐ ƚƌĞĂƚŵĞŶƚ͘ Contrast-enhanced RT planning CT scans
were acquired in transverse plane (slice thickness 3 mm). The gross tumor volume (GTV)
was delineated on CT and MRI (if available) and encompassed overtly macroscopic
disease. A clinical target volume (CTV) was created by expanding the GTV with a 3dimensional margin of 10 mm, adjusted for anatomical borders in which microscopic
disease is unlikely to extend. A CTV containing elective nodal regions was delineated
according to international guidelines[11]. Standard elective treatment included nodal
levels II, III and IV. Additional levels were included on the basis of tumor extension and
nodal involvement (detailed description is included in the Supplemental Materials
available online at www.redjournal.org). To take patient setup uncertainties into account,
a planning target volume (PTV) was created by extension of the CTVs with a 3-dimensional
margin of 3 mm[12]. Thus in total, the GTV-PTV margin was 13 mm. Pinnacle3 v8.0 h
(Philips Medical Systems, Best, The Netherlands) was used for inverse treatment planning.
Dose prescription was 68 Gy in fractions of 2.0 Gy for the ďŽŽƐƚ ǀŽůƵŵĞ ĂŶĚ ϱϬ͘ϯ 'Ǉ ŝŶ
fractions of 1.48 Gy for the elective volume. An accelerated fractionation schedule was
used, delivering the last 14 fractions twice daily in an overall treatment time of 38 days.
Time between 2 fractions was at least 6 hours.
Patterns of recurrence in electively irradiated lymph node regions (patient level)
For all patients, data on diagnostics, treatment, recurrence, and survival were registered.
In case of regional recurrence, the initial RT planning CT scan was reviewed in Pinnacle3
v9.710. The exact site of the recurrence was reconstructed and projected on the initial RT
planning CT scan by performing co-registration with diagnostic imaging of the recurrence.
Subsequently, regional recurrences were classified into 3 subtypes: (1) recurrent disease
within the boost volume: if located in initially pathologic lymph nodes located within the
boost volume; (2) recurrence in the elective volume; (3) recurrence outside the target
volume: if located entirely outside the elective and boost volume.
Patterns of recurrence in electively irradiated lymph node regions (nodal level)
A comprehensive risk assessment on recurrence in electively irradiated lymph nodes was
performed. The initial RT planning CT scans from all 264 patients were reviewed in
Pinnacle3 v9.710, and all lymph nodes with a short-axis diameter шϱŵŵĂŶĚůŽĐĂůŝǌĞĚŝŶ
the elective volume were identified and delineated. For each lymph node, the mean dose
ϱϭ
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according to the inverse treatment plan was calculated, and the volume and long- and
short-axis diameters were measured and documented. Short- and long-axis diameters
were measured in the plane in which imaging was acquired, following the RECIST criteria
v1.1[13]. For all nodes from which US-FNAC was obtained, cytology results were
extensively reviewed. The exact location of the punctured nodes was reconstructed on the
initial RT planning CT scan according to US reports, to verify whether nodes received a
boost or an elective dose in case of positive or negative cytology, respectively.
Statistical analysis
All analyses were performed using SPSS v20 for Windows (IBM, New York, NY). Data
ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ Ŷormal distribution ǁĞƌĞ ĞǆƉƌĞƐƐĞĚ ĂƐ ŵĞĂŶ ǁŝƚŚ ϵϱй ĐŽŶĨŝĚĞŶĐĞ
ŝŶƚĞƌǀĂů ;ϵϱй /Ϳ͘ WĂƌĂŵĞƚĞƌƐ ŶŽƚ ŶŽƌŵĂůůǇ ĚŝƐƚƌŝďƵƚĞĚ were expressed as median with
interquartile range (IQR). Actuarial rates on recurrence and survival were calculated using
the Kaplan-Meier method and were measured as the time from initial histologic diagnosis
until the day of an event. To estimate the rate of recurrence in electively irradiated lymph
nodes, recurrences that occurred after salvage treatment were not considered as an
event. Univariate Cox regression analysis was performed to identify predictors of
ƌĞĐƵƌƌĞŶĐĞ ŝŶ ĞůĞĐƚŝǀĞůǇ ŝƌƌĂĚŝĂƚĞĚ ůǇŵƉŚ ŶŽĚĞƐ͘ ,ĂǌĂƌĚ ƌĂƚŝŽƐ ;,ZƐͿ ǁŝƚŚ ϵϱй /Ɛ ǁĞƌĞ
calculated as measure of association. To evaluate the performance of different volumetric
parameters to identify lymph nodes having an increased risk for recurrence after elective
irradiation, the receiver operating characteristic curve and the area under the curve were
calculated. The optimal combination of sensitivity and specificity was calculated using the
Youden index[14]. Two-tailed p-values шϬ͘ϬϱǁĞƌĞĐŽŶƐŝĚĞƌĞĚ significant.
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Results
A total of 264 patients were included, having a median follow-up of 2.7 years (IQR: 1.9-3.7
years). Patient and tumor characteristics are shown in Table 1.

3

Recurrence and survival
Overall- and disease-specific survival at 3 years were ϲϳ͘ϲй ;ϵϱй /: ϲϭ͘ϳй-ϳϯ͘ϱйͿ ĂŶĚ
ϳϲ͘ϯй ;ϵϱй /: ϳϬ͘ϲй-ϴϮ͘ϬйͿ͕ ƌĞƐƉĞĐƚŝǀĞůǇ͘ >ŽĐĂů͕ ƌĞŐŝŽŶĂů͕ ĂŶĚ ůŽĐŽƌĞŐŝŽŶĂů recurrence
rates at 3 yeĂƌƐ ǁĞƌĞ Ϯϰ͘ϴй ;ϵϱй /: ϭϴ͘ϵй-ϯϬ͘ϳйͿ͕ ϭϵ͘ϳй ;ϵϱй /: ϭϯ͘ϴй-Ϯϱ͘ϲйͿ͕ ĂŶĚ
ϯϱ͘ϲй;ϵϱй/: Ϯϴ͘ϵй-ϰϮ͘ϯйͿ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘ŝƐƚĂŶƚŵĞƚĂƐƚĂƐŝƐĚĞǀĞůŽƉĞĚ ŝŶϮϲ͘Ϭй;ϵϱй/:
ϭϯ͘ϴй-ϯϴ͘ϮйͿ ĂŶĚ ϲ͘ϳй ;ϵϱй /: Ϯ͘ϲй-ϭϬ͘ϴйͿ ǁŝƚŚŝŶ ϯ ǇĞĂƌƐ ĂĨƚĞƌ ƉƌŝŵĂƌǇ ƚƌĞĂƚŵĞŶƚ ŝŶ
patients with and without locoregional recurrence, respectively (p<0.001). Second primary
tumors developed in 1Ϯ͘ϯй;ϵϱй/: ϳ͘ϰй-ϭϳ͘ϮйͿŽĨƚŚĞƉĂƚŝĞŶƚƐǁŝƚŚŝŶϯǇĞĂƌƐ and were
mainly located in the lung (17 of 31) or head and neck area (7 of 31). Stratified data on
survival and recurrence are presented as Supplemental Material (available online at
www.redjournal.org).
Fig. 1. Identification of recurrence in electively irradiated lymph node regions.

Recurrence in an electively irradiated lymph node (red arrow) identified by co-registration
of the initial radiation therapy planning CT scan (A, B) and the CT scan acquired to
diagnose the recurrence (C). The elective (red) and boost (blue) planning target volumes
were used for treatment planning (A).
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Patterns of recurrence in electively irradiated lymph node regions (patient level)
All regional recurrences could be reconstructed and projected on the initial RT planning CT
scans (Fig. 1) and occurred as recurrent disease within the boost volume (27 of 42) or as
recurrence in electively irradiated lymph node regions (14 of 42). One recurrence occurred
outside the target volume (1 of 42). All recurrences in electively irradiated lymph node
regions were confirmed by histology or cytology.
The actuarial rate of recurrence in electively irradiated ůǇŵƉŚŶŽĚĞƌĞŐŝŽŶƐǁĂƐϱ͘ϭй;ϵϱй
CI: Ϯ͘ϰй-ϳ͘ϴйͿĂƚ 2 years and was observed more frequently in case of simultaneous local
recurrence (HR: ϱ͘ϱ͖ ϵϱй /: 1.9-ϭϱ͘ϵ͖ p=0.002) (Fig. 2). No significant associations were
observed between recurrence in electively irradiated lymph node regions and tumor site,
stage, or the presence of human papillomavirus in oropharyngeal cancers (Table 1).
Fig. 2. Recurrence in electively irradiated lymph nodes (patient level).

Recurrence in electively irradiated lymph nodes (patient level)
stratified by simultaneous local recurrence or not (p=0.002).
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Table 1. Cox regression analysis of patient characteristics for recurrence in electively
irradiated lymph node regions (patient level).
Univariate analysis
Characteristic
No. of patients (n=264)
No. of events (n=14)
HR (95% CI)
p value
Age at diagnosis (years)
0.31*
чϲϬ
ϵϱ
6
Ref.
60-70
102
7
1.18 (0.40-ϯ͘ϱϬͿ
0.77
шϳϬ
67
1
0.27 (0.03-2.27)
0.23
Gender distribution
Males
183
9
Ref.
Females
81
ϱ
1.20 (0.40-3.60)
0.74
Primary tumor site
Oropharynx
131
6
Ref.
Larynx
97
6
1.31 (0.42-4.07)
0.64
Hypopharynx
36
2
ϭ͘Ϯϯ;Ϭ͘Ϯϱ-6.12)
0.80
Stage
II
106
6
Ref.
III
63
4
1.19 (0.34-1.23)
0.78
IV
ϵϱ
4
0.87 (0.24-3.07)
0.87
T-classification
T2
182
10
Ref.
T3
62
4
1.22 (0.38-3.89)
0.74
T4
20
0
0.98
N-classification
N0
132
8
Ref.
0.68
N1
49
2
Ϭ͘ϳϮ;Ϭ͘ϭϱ-3.41)
0.99
6
0
N2a
ϭ͘ϱϱ;Ϭ͘ϰϳ-ϱ͘ϭϱͿ
0.47
42
4
N2b
0.98
ϯϱ
0
N2c
HPV status (oropharynx)
Negative
31
2
Ref.
Positive
ϱϴ
1
0.96 (0.09-10.63)
0.98
Not determined
42
3
2.17 (0.23-20.82)
Ϭ͘ϱϬ
Local recurrence
No
206
6
Ref.
Yes
ϱϴ
8†
ϱ͘ϰϵ;ϭ͘ϵϬ-ϭϱ͘ϵͿ
0.002
* Test of trend based on significance of regression coefficient for continuous variable.
† Recurrence in electively irradiated nodes and local recurrence were diagnosed simultaneously (e.g. not after
salvage treatment of the local recurrence)
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Patterns of recurrence in electively irradiated lymph node regions (nodal level)
In total, 1166 electively irradiated lymph nodes (short-axis diameter шϱ ŵŵͿ ǁĞƌĞ
identified and delineated on the initial RT planning CT scans. In 2 patients there were 2
nodes that failed elective irradiation simultaneously, resulting in 16 events in 14 patients.
On all sites of recurrence in electively irradiated lymph node regions, pre-existent nodes
were identified on the exact same position on the initial RT planning CT scans (Fig. 1). All
pre-existent nodes were borderline-ƐŝǌĞĚ ĂŶĚ were not morphologically suspect on CT
scan (e.g. central necrosis or pathologically enlarged). Pretreatment US of the neck was
performed in all cases, and negative FNAC ǁĂƐ ĂǀĂŝůĂďůĞ ŝŶ ϲϯй ;ϭϬ ŽĨ ϭϲͿ ŽĨ ƚŚĞ ŶŽĚĞƐ
that failed elective treatment. In the cohort as a whole, FNAC was acquired from 377
ŶŽĚĞƐŝŶϮϭϱƉĂƚŝĞŶƚƐ͘KĨƚŚĞƐĞ͕ϭϵϭ nodes with negative FNAC were electively irradiated.
Ten of these nodes recurred, resulting in a false-negative rate of ϱ͘Ϯй;ϭϬŽĨϭϵϭͿ͘ Inverse
treatment plans showed that all pre-existent nodes that failed elective treatment received
шϭϬϬйŽĨ the prescribed elective dose. No recurrences were observed in nodes receiving a
dose ш60 Gy equivalent in fractions of 2Gy (EQD2) (n=148).
Fig. 3. Scatter plot of 1166 electively irradiated lymph nodes.

Scatter plot of 1166 electively irradiated lymph nodes according
to volume and dose. Recurrences are marked with red dots.
ϱϲ
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Table 2. Cox regression analysis of nodal characteristics for recurrence in electively
irradiated lymph nodes (nodal level).
Univariate analysis
Characteristic
No. of nodes (n=1166)
No. of events (n=16)
HR (95% CI)
p value
Draining echelon*
First echelon
887
14
Ref.
Second or further
279
2
Ϭ͘ϰϱ;Ϭ͘ϭϬ-1.96)
0.28
Anatomical level†
Level II
ϱϴϬ
7
Ref.
Level III
414
7
ϭ͘ϲϭ;Ϭ͘ϱϴ-4.44)
0.36
Level IV
122
2
Ϭ͘ϳϱ;Ϭ͘Ϭϵ-6.11)
0.79
Level V
0
0.98
42
Level VI
0
0.99
4
Level Ib
4
0
0.99
Subdigastric node‡
Subdigastric node
170
3
Ref.
Other node
996
13
0.73 (0.21-Ϯ͘ϱϲͿ
0.62
Volume (cc)
<0.001§
ч 1.0
1044
7
Ref.
1.0-ϭ͘ϱ
86
3
ϱ͘ϰϬ;ϭ͘ϰϬ-20.9)
Ϭ͘Ϭϭϱ
шϭ͘ϱ
36
6
Ϯϱ͘ϳ;ϴ͘ϲϯ-76.7)
<0.001
Short-axis diameter (mm)
<0.001§
<8
1039
7
Ref.
шϴ
127
9
ϭϬ͘ϲ;ϯ͘ϵϱ-Ϯϴ͘ϱͿ
<0.001
Long-axis diameter (mm)
<0.001§
< 10
ϴϰϱ
2
Ref.
шϭϬ
321
14
18.4 (4.19-81.2)
<0.001
Summed diameter (mm)ۤ
<0.001§
< 17
993
4
Ref.
шϭϳ
173
12
ϭϳ͘ϴ;ϱ͘ϳϯ-ϱϱ͘ϭͿ
<0.001
Mean dose (Gy)
0.76§
фϱϱ
816
11
Ref.
ϱϱ-60
181
ϱ
2.06 (0.71-ϱ͘ϵϯͿ
0.18
ш60
169
0
0.98
* First and second or further echelon levels were determined separately for each side of the neck and measured
from the primary tumor or from the most caudal gross lymph node.
† Anatomical nodal levels were defined based on the delineation guideline of Gregoire et al. [11].
‡ Subdigastric nodes were defined as nodes located directly caudal to the digastric muscle.
ۤ Sum of the short- and long-axis diameter of a lymph node.
§ Test of trend based on significance of regression coefficient for continuous variable.

ϱϳ

3

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Characteristics of the 1166 delineated nodes are shown in Table 2. The relationship
between nodal volume, mean absolute dose, and recurrence is shown in Figure 3. There
was an increased risk of recurrence in electively irradiated nodes with increasing volume
before treatment (HR: ϯ͘ϭ͖ϵϱй/: 2.1-4.7; p<0.001). A recurrence rate up to ϭϵ͘ϰй;ϵϱй
CI: ϱ͘ϭй-ϯϯ͘ϳйͿĂƚϯǇĞĂƌƐǁĂƐŽďƐĞƌǀĞĚŝŶ ŶŽĚĞƐǁŝƚŚĂǀŽůƵŵĞхϭ͘ϱĐc (Fig. 4A).
Fig. 4. Recurrence in electively irradiated lymph nodes (nodal level).

Recurrence in electively irradiated lymph nodes (nodal level)
stratified by nodal volume (p<0.001) (A) and nodal summed shortand long-axis diameter (p<0.001) (B).
ϱϴ
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The receiver operating characteristic curves were calculated using nodal volume, shortaxis diameter, and the summed short- and long-axis diameter, to identify nodes having an
increased risk for recurrence after elective irradiation (Supplemental Material; available
online at www.redjournal.org). The best area under the curve was observed for
pretreatment nodal volume (0.88) and the summed short- and long-axis diameter (0.87).
The optimal combination of sensitivity and specificity was found when setting the cut-off
at ш17 mm (summed short- and long-axis ĚŝĂŵĞƚĞƌͿĂŶĚǁĂƐϴϴйĂŶĚϳϵй͕ƌĞƐƉĞĐƚŝǀĞůǇ͘
The ŚĂǌĂƌĚƌĂƚŝŽŽĨƌĞĐƵƌƌĞŶĐĞĂĨƚĞr elective irradiation in nodes with a summed diameter
шϭϳŵŵǁĂƐϭϳ͘ϴ;ϵϱй/: ϱ͘ϳ-ϱϱ͘ϭ͖p<0͘ϬϬϭͿ;&ŝŐ͘ϰͿ͘ǆĐĞƉƚĨŽƌƐŝǌĞƉĂƌĂŵĞƚĞƌƐ͕ŶŽŶĞ of
the other nodal characteristics (draining echelon, anatomical level, subdigastric nodes, or
mean RT dose) were statistically significant predictors for recurrence in electively
irradiated lymph nodes (Table 2).

Discussion
This is the first study to date focusing on patterns of recurrence in electively irradiated
lymph node regions after definitive IMRT for head and neck SCC. A large and
homogeneous consecutive patient cohort was studied, treated with accelerated IMRT as
monotherapy (without surgery or concomitant chemotherapy or epidermal growth factor
receptor inhibitors), with a median follow-up of 2.7 years. The exact sites of all regional
recurrences were reconstructed and projected on the initial RT planning CT scan by
performing co-registration with the CT/MRI scan acquired to diagnose the recurrence. The
observed rate of recurrence in electively irradiated lymph node regions was ϱ͘ϭй;ϵϱй/:
Ϯ͘ϰй-ϳ͘ϴйͿ ǁŝƚŚŝŶ Ϯ ǇĞĂƌƐ͘ &Žƌ Ăůů ƌĞĐƵƌƌĞŶĐĞƐ in the elective volume, pre-existent not
overtly pathologic borderline-ƐŝǌĞĚŶŽĚĞƐǁĞƌĞŝĚĞŶƚŝĨŝĂďůĞŽŶƚŚĞ exact same position at
the RT planning CT scan. Additionally, a unique, in-depth risk assessment on recurrence in
electively irradiated nodes was performed at the level of individual lymph nodes. A total
of 1166 electively irradiated lymph nodes were identified and delineated on the initial RT
planning CT scans in all patients.
Literature reports with regard to the rate of recurrence in electively irradiated lymph node
regions are limited[9, ϭϱ-20], and many date back to the 1980s and 1990s[ϭϱ-19].
Observed rates of recurrence in electively ŝƌƌĂĚŝĂƚĞĚůǇŵƉŚŶŽĚĞƌĞŐŝŽŶƐǀĂƌŝĞĚĨƌŽŵϮй
ƚŽϭϭй͘ However, these data should be interpreted with caution because of 4 important
confounders. First, some do not provide actuarial data but absolute rates of
recurrence[ϭϱ, 16, 19]. Absolute rates are not corrected for incomplete follow-up and thus
are always lower. Second, most of these studies solely focus on patients with a clinically
ϱϵ
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staged N0 neck[9, ϭϱ, 16, 19], whereas obviously, in a node-positive neck, areas of elective
treatment are also present. Third, some of these studies also included patients receiving
postoperative RT after elective or therapeutic neck dissection[9, 17, 18, 20]. This results in
an inhomogeneous study population owing to a reduction of occult tumor load but also
owing to an altered and unpredictable pattern of lymphatic drainage in a significant
proportion of patients[21]. Fourth, the majority of patients included in the older studies
were included before the 1990s. Since then, diagnostic methods and irradiation
techniques have been improved significantly. Nowadays, palpation of the neck is
complemented with high-resolution imaging, resulting in an increased detection of
metastasis measuring a few millimeters. As a result, undetected occult tumor load is likely
to be less today. Moreover, highly conformal irradiation techniques have replaced 2dimensional RT. When using opposing lateral beams, first echelon levels were likely to be
treated with the boost dose because these are frequently located lateral from the primary
tumor. Nowadays, this is less likely as a result of highly conformal RT. For these reasons,
results found in these older studies do not apply to current clinical practice.
The strength of the present analysis is the use of a large and very homogeneous study
population in which all patients were diagnosed with modern diagnostic imaging
techniques and were treated exclusively with definitive accelerated IMRT. In this study an
increased risk of recurrence in electively irradiated lymph nodes was observed in patients
with simultaneous local recurrence (HR: ϱ͘ϱ͖ϵϱй/: 1.9-ϭϱ͘ϵͿ͘ This raises the question of
whether occult metastasis were already present in these nodes at the time of initial
treatment or whether these nodes became secondarily metaƐƚĂƐŝǌĞĚ͘ If the latter is true,
the failure rate of elective treatment is even lower. The overall rate of recurrence in
ĞůĞĐƚŝǀĞůǇ ŝƌƌĂĚŝĂƚĞ ŶŽĚĞƐ ŽĨ ϱ͘ϭй Ăƚ Ϯ ǇĞĂƌƐ ƐŚŽƵůĚ ƚŚĞƌĞĨŽƌĞ be considered as a worstcase scenario. This very low failure rate of elĞĐƚŝǀĞƚƌĞĂƚŵĞŶƚǁŝƚŚƌĂĚŝĂƚŝŽŶĚŽƐĞƐŽĨϰϱϱϬ'Ǉ;YϮͿĞŵƉŚĂƐŝǌĞƐƚŚĞŽƉƉŽƌƚƵŶŝƚǇĨŽƌĚŽƐĞde-escalation to elective nodal regions.
Volumetric analysis of 1166 electively irradiated lymph nodes clearly showed an increased
risk of recurrence after elective irradiation with increasing nodal volumes (HR 3.1; ϵϱй/
2.1-4.7). However, reliable assessment of the nodal volume requires delineation, which is
a time-consuming task and thus less suitable for daily clinical practice. More easily
applicable alternatives were investigated using 1- (short-axis diameter) and 2-dimensional
(summed short and long-axis diameter) parameters as surrogate for the 3-dimensional
volume. A summed diameter ш17 mm was shown to be an alternative to volume to
identify nodes having an increased risk of recurrence after elective irradiation (HR: 17.8;
ϵϱй CI: ϱ͘ϳ-ϱϱ͘ϭͿ͘ hƐŝŶŐ ƚŚŝƐ ƐŝŵƉůĞ ĂůŐŽƌŝƚŚŵ͕ ƚŚĞ ŵĂũŽƌŝƚǇ ŽĨ nodal recurrences after
elective irradiation could be identified (12 of 16), whereas the number of nodes at risk was
60
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reduced from 1166 to 173. However, still a relevant proportion of nodes identified will not
recur after elective treatment. Therefore, it would not be worthwhile to simply boost all
identified borderline-ƐŝǌĞĚůǇŵƉŚŶŽĚĞƐ͘
Because the required elective dose is dependent on occult tumor load[22], it is plausible
that borderline-ƐŝǌĞĚŶŽĚĞƐ harboring substantial tumor load will have the highest risk to
fail elective irradiation. Molecular imaging with FDG-PET can help identify these nodes
before treatment because FDG uptake can be considered as a surrogate parameter for
tumor cell density[23]. In recent literature there are 2 meta analyses on the diagnostic
performance of FDG-PET in the detection of regional metastasis in primary head and neck
cancer patients[24, Ϯϱ]. Only studies having a per-patient and per-nodal-region analysis
with histopathologic analysis as the gold standard were included. Both meta analyses
show a higher per-nodal-region sensitivity ;ϴϬй-ϴϰйͿ ǁŝƚŚ &'-PET compared with
conventional imaging[24, Ϯϱ].
KŶƚŚĞďĂƐŝƐŽĨdͬDZ/ƐŝǌĞĂŶĚ&'ƵƉƚĂŬĞ͕ĂŐƌĂĚĞĚ dose prescription algorithm for the
neck nodes could be envisaged. Overtly pathologic lymph nodes and borderline ƐŝǌĞĚ
nodes (summed diameter ш17 mm) with high FDG uptake receive a typical boost dose of
ш70 Gy (EQD2). For borderline-ƐŝǌĞĚ ŶŽĚĞƐ ǁŝƚŚ ůŽǁ Žƌ ŵŽĚĞƌĂƚĞ &' ƵƉƚĂŬĞ͕ an
intermediate dose level of 60 Gy (EQD2) may be sufficient, because no recurrences in
electively irradiated nodes were observed above this dose (Fig. 3). The use of a 0 mm GTVCTV margin with only a PTV margin should be considered for nodes identified as
intermediate risk, because extra nodal spread is unlikely in not overtly pathologic nodes
containing small tumor deposits. Selection of high- and intermediate-risk lymph nodes will
result in an overall lower occult tumor burden in the elective volume. As a result, the
elective dose to low-risk nodal regions may be de-ĞƐĐĂůĂƚĞĚƚŽфϰϱƚŽϱϬ'Ǉ;YϮͿ͘dŚĞ
ultimate goal of this dose de-escalation is to reduce late radiation toxicity (in particular
xerostomia and dysphagia) and thus to improve quality of life after treatment.
The present study has limitations. Because of the high efficacy of RT in eliminating
subclinical disease, the number of recurrences in electively irradiated nodes was small. As
a result, only the strongest predictors of recurrence (i.e. ŶŽĚĂůƐŝǌĞĂŶĚǀŽůƵŵĞͿĐŽƵůĚďĞ
identified in this study. Weaker associations with clinical characteristics or stage were not
found but cannot be excluded either. MoreovĞƌ͕ĂƐĂƌĞƐƵůƚŽĨĂŶŝƐŽƚƌŽƉŝĐǀŽǆĞůƐŝǌĞŽĨƚŚĞ
RT planning CT scans, nodal measurements were performed on transverse CT slices and
thus ignoring spatial orientation of ƚŚĞŶŽĚĞƐ͘ĞƐƉŝƚĞƚŚĞĨĂĐƚƚŚĂƚĂƉƉƌŽǆŝŵĂƚĞůǇϲϬйŽĨ
the included patients had stage III-IV disease, all patients in this study were treated with
RT alone. The use of concomitant chemoradiation therapy in The Netherlands is more
restricted than in some other countries. Local guidelines recommend concomitant
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chemotherapy in patients <70 years of age with functionally unresectable tumors and/or
nodal disease >3 cm in diameter. This explains the relatively large proportion of stage III-IV
tumors in this RT-only study. The present results do not apply to patients treated with
concomitant chemotherapy because this patient category was excluded from this study.
However, chemotherapy has proven to be effective in eradicating small tumor deposits
and thus will significantly contribute to control small nodal disease. Therefore, it can be
argued that with chemoradiation the RT dose to small nodal disease could be de-escalated
even further. This will be the aim in subsequent clinical studies.
The single-center and retrospective design of this study raises the question of whether the
present results can be extrapolated to practice in other centers and to future prospective
studies. At the same time, an advantage of the single-center design is that all patients
were diagnosed and treated under the same protocol (i.e. same imaging studies, RT
planning and treatment techniques, and dose fractionation schedule). Furthermore, this is
the first study that ĂŶĂůǇǌĞĚ ƌĞĐƵƌƌĞŶĐĞ ƉĂƚƚĞƌŶƐ Ăƚ ƚŚĞ ůĞǀĞů ŽĨ ŝŶĚŝǀŝĚƵĂů ůǇŵƉŚ nodes.
Ultimately, the UPGRADE-RT trial (ClinicalTrials.gov identifier: NCT024ϰϮϯϳϱͿ ŵƵƐƚ
demonstrate the efficacy and safety of gradient dose prescription in RT for head and neck
cancer prospectively[26].
In conclusion, this is the first study focusing on recurrence in electively irradiated lymph
node regions in a large and homogeneous population with head and neck cancer after
definitive IMRT. An important risk factor was identified that can help clinicians in the
pretreatment risk assessment of borderline ƐŝǌĞĚ lymph nodes. Not overtly pathologic
nodes with a summed diameter ш17 mm may require a higher than elective RT dose. For
low-risk elective regions (all nodes <17 mm), the safety of dose de-escalation below the
ƚƌĂĚŝƚŝŽŶĂůϰϱƚŽϱϬ'ǇƐŚŽƵůĚďĞŝŶǀĞƐƚŝŐĂƚĞĚ͘
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Abstract
Background: In quantitative FDG-PET data analysis, normalization of the standardized
uptake value (SUV) with an internal image-derived standard improves its reproducibility.
In this study, the cervical spinal cord is proposed as an internal standard that is within the
field of view of the radiotherapy planning PET/CT-scan in head and neck squamous cell
carcinoma (HNSCC). The aim is to evaluate if the tumor to cervical spinal cord
standardized uptake ratio (SUR) can improve the reproducibility of a model to determine
the metabolic tumor volume (MTV) on FDG-PET/CT in a multicenter setting.
Materials and methods: Ninety-five radiotherapy planning FDG-PET/CT-scans of patients
with HNSCC were analyzed using the Bland–Altman method to evaluate differences in
FDG-uptake in the cervical spinal cord and the mediastinal blood pool. Non-linear
regression analysis was used to determine the optimal MTV using the gross tumor volume
(GTV) as ground truth and a spatial overlap-index as statistical validation metric.
Reproducibility was evaluated using the Bland-Altman method and external validation was
performed in an independent dataset consisting of 62 patients.
Results: Bland–Altman’s analyses demonstrated equivalence of FDG-uptake in the
mediastinal blood pool and the cervical spinal cord. Reproducibility of the models
improved when using SUR instead of SUV. These results were confirmed in the validation
cohort.
Conclusion: The use of the tumor to cervical spinal cord SUR instead of SUV improves the
reproducibility of a model to determine the MTV on FDG-PET/CT in a multicenter setting.
This study indicates that SUR may be preferred over SUV based approaches.
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Introduction
In recent years, 18F-fluorodeoxy-D-glucose positron emission tomography/computed
tomography (FDG-PET/CT) imaging has an emerging role in staging, radiation treatment
planning and treatment response assessment in head and neck squamous cell carcinoma
(HNSCC)[1].
The standardized uptake value (SUV) is the most commonly used (semi-) quantitative
parameter for analysis of oncologic FDG-PET imaging[2]. However, many small
physiological and technical factors can add up to considerable variations in SUV, up to 50%
or more[3]. As a consequence of significant variations in image acquisition and
reconstruction techniques, non-standardized quantitative results are not interchangeable
between institutions[4]. Because of this poor reproducibility of the SUV, its usefulness has
been heavily criticized[5].
To ensure the interchangeability of quantitative data between institutions, procedural
guidelines aiming to harmonize acquisition and reconstruction of oncologic FDG-PET
imaging were developed[2, 6, 7]. The reproducibility of quantitative data can be further
improved by normalization of SUV recoveries with an internal, image-derived standard,
also known as ‘tumor-to-background ratio’[8]. Commonly used internal standards are the
liver and the mediastinal blood pool[9, 10]. Recently it was shown that an image derived
input function using the (aortic) blood pool, was highly correlated with the arterial plasma
time-activity input function to estimate the metabolic rate of glucose[11, 12]. Additionally,
it was demonstrated that the tumor to (aortic) blood ratio, referred to as the
‘standardized uptake ratio (SUR)’, has a higher correlation to the metabolic rate of glucose
than SUV[13]. For this reason it was suggested that SUR should be considered to replace
SUV[13].
In radiotherapy for head and neck cancer (HNC), however, the mediastinal blood pool is
usually not within the field of view of the radiotherapy planning PET/CT-scan. An
alternative structure located in the head and neck area that may be used as an internal
standard is the cervical spinal cord. Literature reports that FDG-uptake in the cervical
spinal cord has both little interpatient variability and is stable over time[14, 15].
The first objective of this study was to determine if FDG-uptake in the cervical spinal cord
and the mediastinal blood pool are equivalent and can be used interchangeably. The
second objective was to investigate if the use of the tumor to cervical spinal cord SUR
instead of SUV can improve the reproducibility of a model to determine the metabolic
tumor volume (MTV) on FDG-PET/CT in a multicenter cohort of patients with HNSCC.
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Methods and Materials
Patient selection
For the primary analysis, a total of 95 patients who received definitive radiotherapy for
HNSCC were eligible for this retrospective analysis. Inclusion criteria were the acquisition
of a radiotherapy planning FDG-PET/CT-scan on which the arc of the aorta was within the
field of view of the PET/CT-scan. For the secondary analysis, an additional independent
cohort of 62 patients was included to validate the results of the primary analysis. In total,
157 patients were included and treated between 2013 and 2017 in three tertiary head and
neck clinics in the Netherlands. Patient and tumor characteristics are shown in Table 1. A
flow diagram of the different steps of the analysis in this study is provided as
Supplementary data. Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.radonc.2018.06.037.
This analysis was conducted according to the ethical principles for medical research
involving human subjects as stated in the Declaration of Helsinki and in the ICH Good
Clinical Practice guidelines. This study was exempt from approval by an ethics committee
and the need to obtain informed consent, because of the retrospective character of this
study and the processing of anonymized data only.
Image acquisition and reconstruction
Contrast enhanced radiotherapy planning FDG-PET/CT-scans were acquired in one session
on EARL accredited state-of-the-art integrated PET/CT-scanners (Siemens BioGraph 40
mCT or True-Point, Siemens Medical Solutions, Knoxville Tennessee, USA). Patients were
immobilized using a custom-made head, neck and shoulders mask. Patients were kept
fasted for at least 6 h before 18F-FDG injection. Image acquisition was performed 60 min
after 18F-FDG injection applying the European Association of Nuclear Medicine (EANM)
procedural guidelines for tumor PET imaging v1.0[2]. Because the EARL accreditation
program comprises extensive image- and calibration quality control and (cross)calibrations
between institutions, no additional calibrations were performed in the context of this
study. Technical characteristics of PET/CT image acquisition and reconstruction are
provided as Supplementary data. Because PET and CT imaging were acquired in one
session using an immobilization mask, PET and CT were co registered ‘as scanned’ (thus
without need for further translations or rotations). PET image series were not resampled
for analysis. Analyses of imaging were performed in Pinnacle3 v9.710 (Philips Medical
Systems, Best, The Netherlands).
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Table 1. Patient and tumor characteristics.
Characteristic
Median age at diagnosis (years)
Gender distribution
Males
Females
Primary tumor site
Nasopharynx
Oropharynx
Larynx
Hypopharynx
Stage
II
III
IV
T-classification
T1
T2
T3
T4
N-classification
N0
N1
N2a
N2b
N2c

Primary dataset
No. of patients (n=95) (%)
64.0 (IQR: 58.0-68.6)

Validation dataset
No. of patients (n=62) (%)
62.5 (IQR: 56.9-67.4)

64 (67)
31 (33)

45 (73)
17 (27)

3 (3)
52 (55)
28 (29)
12 (13)

0 (0)
35 (56)
19 (31)
8 (13)

19 (20)
27 (28)
49 (52)

12 (19)
21 (34)
29 (47)

2 (2)
37 (39)
32 (34)
24 (25)

3 (5)
22 (36)
21 (34)
16 (25)

37 (39)
16 (17)
4 (4)
24 (25)
14 (15)

33 (53)
8 (13)
5 (8)
10 (16)
6 (10)

4
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Delineation of internal standards
The cervical spinal cord was delineated by drawing a circular region of interest (Ø 8 mm) in
the center of the cervical spinal cord on consecutive CT-slices, from the level of the cranial
border of the hyoid bone down to the caudal border of the inferior thyroid notch (Fig. 1).
The mediastinal blood pool was delineated by drawing a circular region of interest (Ø 15
mm) in the center of the arc of the aorta on 4 consecutive CT-slices. Delineation close to
intravascular calcifications or to the vascular wall was avoided. Mean FDG-uptake values
were used for analysis. Both regions of interest approximated a volume of ±2 cc.
Fig. 1. Delineation of the cervical spinal cord.

The cervical spinal cord is delineated on the CT-scan by drawing a circular region of
interest (Ø 8 mm) in the center of the cervical spinal cord, starting from the level of the (A)
cranial border of the hyoid bone through the (B) caudal border of the inferior thyroid
notch. View of the region of interest in the sagittal plane (C). Projection of the cervical
spinal cord on the FDGPET-scan (D).
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Gross tumor volume delineation
The gross tumor volumes (GTV) of the primary tumor and each nodal metastases were
manually delineated by consensus on the radiotherapy planning CT-scans by an expert
panel of three experienced radiation oncologists specialized in head and neck cancer. CTbased delineation was performed according to current clinical protocols using information
from clinical examination and co-registered diagnostic magnetic resonance imaging (MRI)
in case of oropharyngeal cancers. Necrotic lymph nodes with irrefutably disturbed FDGdistribution were excluded from analysis.
Metabolic tumor volume
The threshold (percentage of maximum FDG-uptake) for the MTV having the best spatial
overlap with the manually delineated GTV was determined for all lesions in all patients.
For this purpose, a total of 18 MTVs were created for each lesion, using thresholds ranging
from 10% to 95% of the maximum FDG-uptake with 5% intervals. For each MTV, a contour
of the overlapping region with the manually delineated GTV was created. The volume and
maximum FDG-uptake of the GTV, MTVs and the overlapping regions were exported for
analysis.
The method of classification errors (CE) was used as a statistical validation metric to
evaluate spatial overlap quality of the manually delineated GTV with each of the MTVs
[16]. An important advantage of the CE method is that it does not only take volume into
account but also the spatial position and shape of the contours due to the use of both
false-positive and false-negative volumes. The CE was calculated using Eq. (1), and can
range from 0 to infinite, in which a lower CE implies better spatial overlap. The threshold
used for the ‘optimal MTV’ (having the lowest CE) was registered as the ‘optimal
threshold’.
Classification Errors (CE) =

false positive volume + false negative volume
volume of gross tumor volume

(1)
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Statistical analysis
All analyses were performed using SPSS v22 for Windows (IBM Corporation, Armonk, NY).
Data characterized by normal distribution were expressed as means with 95% confidence
interval (95% CI). Parameters not normally distributed were expressed as median with the
interquartile range (IQR). In case of a normal distribution, comparison of means was
performed by applying the Student T-test for paired- or unpaired data, as appropriate.
Two tailed p-values ч 0.05 were considered to be significant.
Evaluation of internal standards was performed in the primary dataset. The bias (mean
difference) and the ‘limits of agreement’ (95% CI of the bias) were calculated to evaluate
for acceptable agreement between the SUV in the mediastinal blood pool and cervical
spinal cord. To evaluate the magnitude of differences, the absolute differences between
SUVs were plotted against the average SUV of the mediastinal blood pool and the cervical
spinal cord according to the Bland–Altman method[17].
Models of the relationship between the maximum FDG-uptake of a lesion (for both SUVmax
and SURmax) and the optimal threshold for the MTV (having the best spatial overlap with
the GTV) were acquired using non-linear least squares regression analysis based on data of
the primary dataset. An inverse model [y=a+(b/x)], a power model [y=a·xb] and a sigmoidal
model [y=ea+(b/x)] were used to fit the data and the model having the best fit was used for
analysis. The tumor to cervical spinal cord standardized uptake ratio (SURmax) was
calculated using Eq. (2).
Reproducibility of the models was evaluated using the Bland–Altman method by assessing
the differences in threshold for and volume of the MTV that was predicted by the model
and the empirically determined optimal one, using SUVmax and SURmax[17]. The validation
dataset was used to re-evaluate the reproducibility of the models that were developed
based on the primary dataset.
SURmax =
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Results
Internal standards were evaluated in the primary dataset. The mean SUV in the
mediastinal blood pool was 1.26 (95% CI: 0.75–1.77) and 1.23 (95% CI: 0.74–1.72) in the
cervical spinal cord. There were no inter-institutional differences of SUV in the mediastinal
blood pool (p>0.37) or in the cervical spinal cord (p>0.65). The SUVs in both structures
were strongly correlated with a Pearson correlation coefficient of 0.90 (p<0.001) (Fig. 2A).
A Bland–Altman plot shows the differences in SUV between the mediastinal blood pool
and the cervical spinal cord (Fig. 2B). There were no interinstitutional differences in
absolute differences of SUV between the mediastinal blood pool and the cervical spinal
cord (p>0.14).
For both datasets, GTVs were delineated on CT by consensus and MTVs were created in all
patients. The MTV having the best spatial overlap (i.e. having the lowest CE) with the GTV
could be determined for all lesions. Characteristics of contours are shown in Table 2.
Fig. 2. FDG-uptake in the mediastinal blood pool and cervical spinal cord.

(A) Scatter plot showing the relationship between the SUV of the mediastinal blood pool
and the cervical spinal cord. (B) Bland–Altman’s plot showing the differences in SUV
between the mediastinal blood pool and the cervical spinal cord.
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Based on the primary dataset, non-linear least squares regression analysis was used to
create models describing the relationship between SUVmax/SURmax and the optimal
threshold for the MTV (having the best spatial overlap with the GTV). The power model
fitted the data best. The model using SUVmax is described by Eq. (3) (Fig. 3A) and the model
using SURmax is described by Eq. (4) (Fig. 3B).
Threshold (% SUVmax) = 119.83 · (SUVmax)-0.66

(3)

Threshold (% SURmax) = 116.93 · (SURmax)-0.75

(4)

Bland–Altman’s plots show the differences in threshold and volume of the MTVs that were
predicted by the model when using SUV versus SUR and the empirically determined
optimal ones for the primary dataset (Fig. 3) and the validation dataset (Fig. 4). In the
primary dataset, the ‘limits of agreement’ were significantly narrower when using SUR as
compared to SUV and decreased from 35% to 25% (p=0.04) for threshold (Fig. 3C, D) and
from 18.8 cc to 12.6 cc for volume (p<0.01) (Fig. 3E, F). Linear regression analysis showed
no relevant dependency between absolute differences and average thresholds and
volumes when using SUV or SUR.
Table 2. Delineation and isocontouring.
Primary dataset
Validation dataset
Characteristic
No. of patients (n=95) (IQR)
No. of patients (n=62) (IQR)
Primary tumors
62
No. of lesions
96
10.6 (6.6-17.3)
Volume GTV* (cc)
15.4 (7.6-28.5)
12.7 (5.7-21.4)
8.6 (4.9-15.2)
Volume PET** (cc)
6.7 (4.6-9.0)
6.2 (4.4-8.0)
- SURmax
30 (20-40)
30 (25-35)
- Threshold (%max)
0.35 (0.26-0.43)
0.32 (0.21-0.45)
Optimal CE
Nodal metastases
No. of lesions
80
133
Volume GTV* (cc)
2.1 (1.0-4.8)
2.4 (1.4-5.4)
Volume PET** (cc)
1.5 (0.8-3.9)
1.3 (0.7-3.8)
- SURmax
2.4 (1.8-4.3)
2.5 (1.9-3.6)
60 (40-75)
60 (40-70)
- Threshold (%max)
0.55 (0.36-0.79)
0.55 (0.40-0.75)
Optimal CE
* Consensus GTV delineation on radiotherapy planning CT-scan
** FDG-PET based isocontour having the best spatial overlap with the CT-based GTV
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Fig. 3. Reproducibility of the models in the primary dataset.

4

Non-linear regression models describing the relationship between the threshold for the
optimal MTV (having the best spatial overlap with the GTV) and SUVmax (A) and SURmax (B).
Bland–Altman’s plot showing the differences in threshold between the threshold for the
optimal MTV and the one predicted by the models using SUVmax (C) and SURmax (D) in the
primary dataset. Bland–Altman’s plot showing the differences in volume of the MTV
between the optimal MTV and the one predicted by de models using SUVmax (E) and
SURmax (F) in the primary dataset.
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In the secondary validation dataset, the ‘limit of agreement’ was significantly narrower for
threshold when using SUR instead of SUV and decreased from 32% to 23% (p=0.05) (Fig.
4A, B). For volume, the ‘limit of agreement’ decreased from 12.1 cc to 9.6 cc when using
SUR instead of SUV, but did not reach statistical significance (p=0.13) (Fig. 4C, D). Linear
regression analysis showed a negative dependency between absolute difference and
average threshold and volume when using SUV, indicating a systematic underestimation
of the MTV using the SUV-based model (Fig. 4A, C). No relevant dependencies were
observed for threshold or volume when using SUR.
Fig. 4. Reproducibility of the models in the validation dataset.

Bland–Altman’s plot showing the differences in threshold between the threshold for the
optimal MTV and the one predicted by the models using SUVmax (A) and SURmax (B) in the
validation dataset. Bland–Altman’s plot showing the differences in volume of the MTV
between the optimal MTV and the one predicted by de models using SUVmax (C) and
SURmax (D) in the validation dataset.
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Discussion
It is well established that the reproducibility of quantitative FDG-PET data can be
improved by normalization of SUV recoveries with an internal, image-derived standard[13,
18, 19]. In the current study, it was demonstrated that FDG-uptake within the cervical
spinal cord and the mediastinal blood pool are equivalent and can be used
interchangeably. The current study also shows that the use of the tumor to cervical spinal
cord SUR instead of SUV improves the reproducibility of a model to determine the MTV on
FDG-PET/CT in a large multicenter cohort of patients with HNSCC. Furthermore,
improvement of reproducibility of the model was also shown in an independent
multicenter validation dataset when using SUR instead of SUV. As such, the standardized
methods described in this manuscript are currently investigated prospectively in a clinical
trial[20].
Commonly used internal image-derived standards such as the liver and the mediastinal
blood pool are not ideal for use in radiotherapy for head and neck cancer because these
structures are usually not within the field of view of the radiation treatment planning
PET/CT-scan[9, 10]. For this reason, there is need for an alternative structure in the head
and neck area that can be used as internal image-derived standard. Daisne et al.
investigated the lateral muscular massif of the neck as an internal image-derived standard
for a source-to-background (SBR) based segmentation algorithm in head and neck
squamous cell carcinoma[21, 22]. However, the use of muscle as internal image-derived
standard in FDG-PET imaging is less ideal, because muscular contraction due to patient
discomfort or anxiety can result in an increased physiological FDG-uptake in skeletal
muscles[23]. This can introduce uncontrollable variations in FDG-uptake and can result in
a poor inter-patient reproducibility of the internal standard. In contrast, FDG-uptake in the
cervical spinal cord has both little inter-patient variability, is stable overtime and is not
influenced by muscular activity[14, 15]. The current analysis shows that the cervical spinal
cord has equivalent FDG-uptake as the mediastinal blood pool. As such, the cervical spinal
cord is ideal to be used as internal image-derived standard in FDG-PET imaging of the head
and neck area.
The next step in this analysis was to investigate if the use of the tumor to cervical spinal
cord SUR instead of SUV may improve the reproducibility of quantitative FDG-PET data.
This was done by creating a model to determine the MTV on FDG-PET/CT. Unique in the
development of this model is the use of ‘real life’ clinical FDG-PET/CT imaging data of
patients with HNSCC. This has advantages over phantom based experiments, which use
symmetrical volumes with homogeneous activity and a sharp demarcation from the
79
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background activity[21]. Obviously, ‘real life’ tumors can have complex shapes with
heterogeneous distribution of FDG-uptake and can have variable background activity. For
these reasons, models based on phantom experiments may have a limited performance in
‘real life’ clinical scenarios. Conversely, the advantage of phantom-based experiments is a
known ‘ground truth’. For this analysis, we chose the CT-based delineation of the GTVs as
a practical approximation of ‘ground truth’ for the development of the model. Special care
was taken to eliminate inter-observer variability. First, delineation of the GTVs was
performed by the consensus of three radiation oncologists specialized in head and neck
cancer. Second, the optimal threshold for the MTV having the best spatial overlap with the
GTVs was determined using a spatial overlap-index as statistical validation metric.
A strength of the current analysis is that it was conducted in a multi-center setting, which
is quite challenging for evaluation of quantitative FDG-PET imaging. A total of 95 radiation
treatment planning FDG-PET/CT-scans from 3 tertiary head and neck clinics were used for
the primary analysis. Consequently, the FDG-PET/CT-scans were acquired on 3 different
PET/CT-scanners and different reconstruction methods were used. It was demonstrated
that the reproducibility of the model to determine the MTV on FDG-PET/CT can be
significantly improved using the tumor to cervical spinal cord SUR instead of SUV. Analysis
of an independent multicenter validation dataset consisting of 62 radiation treatment
planning FDG-PET/CT-scans confirms an improved reproducibility of the model when using
SUR instead of SUV for threshold. For volume, a similar trend was observed, but did not
reach statistical significance. This can be explained by better compliance with the EANM
procedural guidelines regarding image acquisition in the validation dataset, having a more
accurate FDG incubation time compared to the primary dataset (Supplementary data).
Most important is the systematic underestimation of the MTV that was observed when
using the SUV-based model in the validation dataset while this was not the case for the
SUR-based model. This again suggests that the use of SUR is more robust than SUV is,
because it is less susceptible for small variations in image acquisition.
The present study has limitations. To determine the SUR, delineation of the cervical spinal
cord must be performed. This could potentially introduce new intra- and inter-observer
variability effects. However, this equally applies to traditional internal standards (e.g. liver
or mediastinal blood pool). To minimize observer variability, clear instructions for
delineation of the cervical spinal cord are described in this manuscript and illustrated in
Fig. 1. Another potential limitation of the current study is the lack of histological
confirmation of the GTVs. However, the objective of this analysis was not to assess the
absolute accuracy of the model to determine the MTV on FDG-PET/CT, but to investigate if
the use of the tumor to cervical spinal cord SUR can improve the reproducibility of the
80
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model. In literature, there are only two series on HNSCC available using histological
specimen as ground truth reference[22, 24]. These series show a slight overestimation of
the extent of disease for CT-based GTV delineation compared to the histological ground
truth reference. Therefore, a potential pitfall of accepting the CT-based GTV as ‘ground
truth’ for the model in the current analysis may be a systematic overestimation of the
extent of disease.
In conclusion, this study demonstrates that FDG-uptake in the cervical spinal cord and the
mediastinal blood pool is equivalent and can be used interchangeably. The use of the
tumor to cervical spinal cord SUR instead of SUV improves the reproducibility of a model
to determine the MTV on FDG-PET/CT in a multicenter setting. These results were
confirmed in an independent multicenter validation cohort. This study indicates that SUR
may be preferred over SUV based approaches.
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Abstract
Background and purpose: In definitive radiotherapy for head and neck cancer (HNC), the
dose required to achieve nodal tumor control is dependent on tumor burden. Because nodal
FDG-uptake reflects the number and metabolic activity of tumor cells, and thus tumor
burden, FDG-PET has the potential to guide dose prescription proportional to the estimated
nodal tumor burden. However, no guidelines exist for quantitative evaluation of nodal FDGuptake. The aim of this analysis was to define a risk assessment algorithm to evaluate lymph
nodes based on the estimated nodal tumor burden.
Materials and methods: Qualitative visual analysis of 101 lymph nodes in 12 patients with
HNC was performed by two expert nuclear medicine physicians specialized in HNC.
The likelihood of containing metastatic tumorload was scored using a 4-point scale
(1 – definitely benign, 2 – possibly benign, 3 – possibly malignant, 4 – definitely malignant).
FDG-uptake thresholds were derived and incorporated into a risk assessment algorithm.
The impact of this algorithm on treatment was evaluated in an independent cohort (n=25).
Results: All nodes that were scored ‘4 – definitely malignant’ in qualitative visual analysis
had a SURmax шϮ.0 representing the threshold for pathologic FDG-uptake. The FDG-uptake
threshold for nodes with a presumed moderate tumor burden was SURmax ш ϭ͘ϱ  ĂŶĚ
represents the lower limit to identify outliers by Tukey’s method based on FDG-uptake in
nodes that were scored ‘3 – possibly malignant’. A risk assessment algorithm was defined
using these thresholds in combination with a nodal size criterion (summed short- and longĂǆŝƐĚŝĂŵĞƚĞƌшϭϳŵŵͿ that was determined in a previous analysis. Evaluation of this risk
assessment algorithm in an independent cohort demonstrated that intermediate-risk nodes
were identified in 1 out of 4 patients, resulting in down staging in half of these patients.
Conclusion: A risk assessment algorithm was provided for standardized evaluation of lymph
nodes based on the estimated nodal tumor burden. The potential of this algorithm to
facilitate gradient dose prescription to lymph nodes in HNC is currently prospectively
evaluated in the UPGRADE-RT trail.
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Introduction
Patients with head and neck cancer (HNC) have a substantial risk of cervical lymph node
metastases[1]. For nodal treatment in definitive (chemo)radiotherapy (CRT) for HNC,
generally two dose-levels are delivered based on the distinction of two manifestations of
tumor. A high boost ĚŽƐĞ;шϳϬ'ǇͿŝƐĚĞůŝǀĞƌĞĚƚŽŶŽĚĂůŵĞƚĂƐƚĂƐĞƐƚŚĂƚĂƌĞĚĞƚĞĐƚĞĚďǇ
diagnostic imaging (i.e. macroscopic) and a lower elective dose (45-50Gy) is delivered to
presumed nodal metastases that cannot be detected because they are too small and thus
fall below the detection threshold of diagnostic imaging (i.e. microscopic).
In recent decades, technological developments in diagnostic imaging modalities have
improved the detection of small nodal metastases. As a consequence, nodes with moderate
tumor burden that remained undetected in the past and were treated with the elective
dose, are nowadays detected and treated with a high boost dose. Moreover, nodes that are
currently staged negative with modern diagnostic imaging techniques contain less
microscopic tumor burden but are treated with the unchanged elective dose. Because the
dose required to eradicate tumor is dependent on tumor burden, these target volume
transformations result in overtreatment[2]. To correct this overtreatment, a gradient dose
prescription concept may be introduced prescribing dose proportional to tumor burden. In
this concept, a new intermediate dose level will be introduced for nodes with moderate
tumor burden and the elective dose to treat nodes with presumed microscopic disease will
be de-escalated[3]. However, no criteria exist to identify nodes for treatment with an
intermediate dose.
A recent analysis of 633 patients with HNC, treated with definitive (chemo)radiotherapy,
demonstrated that recurrence in not overtly pathologic lymph nodes treated with an
elective radiation dose occurred significantly less in patients who had 18F-fluorodeoxy-Dglucose positron emission tomography (FDG-PET) available for nodal target volume
definition, compared to patients who only had computed tomography (CT) and/or magnetic
resonance imaging (MRI) (hazard ratio: 0.33, p=0.026)[4]. Volumetric analysis of 1166 lymph
nodes in 264 patients who only had CT/MRI available for nodal target volume definition,
demonstrated that nodes identified as benign by radiologic criteria with a summed shortand long-ĂǆŝƐĚŝĂŵĞƚĞƌшϭϳŵŵǁĞƌĞĂƚƌŝƐŬĨŽƌƌĞĐƵƌƌĞŶĐĞĂĨƚĞƌƚƌĞĂƚŵĞŶƚǁŝƚŚan elective
radiation dose (haǌĂƌĚ ƌĂƚŝŽ͗ϭϳ͘ϴ͖ ƉфϬ͘ϬϬϭͿ [5, 6]. These studies indicate that molecular
imaging with FDG-PET is able to identify the borderline sized nodes ;ƐƵŵŵĞĚĚŝĂŵĞƚĞƌш
ϭϳŵŵͿwith small tumor burden but without pathological morphology. In current clinical
practice, addition of FDG-PET to CT causes alteration of nodal treatment in approximately
1 out of 4 patients, with nodal upstaging in 8-21% and down staging in 3-11%[ϳ-11].
ϴϳ
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Because FDG-uptake reflects the number and metabolic activity of tumor cells, FDG-PET can
facilitate the selection of borderline sized nodes for an intermediate radiation dose level by
estimating nodal tumor burden[12]. However, no consensus guidelines exist on nodal FDGuptake thresholds to identify pathologic nodes in HNC. In current clinical practice, nuclear
medicine physicians evaluate lymph nodes using qualitative visual interpretation.
The first objective of this study was to define nodal FDG-uptake thresholds to identify
pathologic lymph nodes and nodes with a presumed moderate tumor burden based on
qualitative visual analysis by experienced nuclear medicine physicians specialized in HNC.
Second objectives were to incorporate these thresholds into a risk assessment algorithm to
identify nodes with a presumed moderate tumor burden and to evaluate its impact on
treatment in an independent patient cohort. .
.

Materials and Methods
Patient selection
A total of 3ϳ patients who received definitive radiotherapy for squamous cell carcinoma
(SCC) of the oropharynx, larynx or hypopharynx at two tertiary head and neck cancer
centers were selected. For all patients, FDG-PET/CT-scans were available for radiation
treatment planning. Twelve patients treated at the Radboudumc were used for the primary
analysis (to define nodal FDG-uptake thresholds and to incorporate these into a risk
assessment algorithm). An independent cohort of 25 patients treated at the University
Medical Center Utrecht was used for the secondary analysis (to evaluate the impact of this
risk assessment algorithm on treatment).
Image acquisition and reconstruction
FDG-PET/CT-scans of the head and neck area (scan range from the lower border of the
clavicle to the cranium) were acquired in radiation treatment position using a customized
thermoplastic head, neck and shoulders mask to immobilize patients during the scanning
procedures and radiation treatment. CT-scans were acquired using an intravenous
iodinated contrast agent. FDG-PET/CT-scans were acquired in one session on EARLaccredited integrated PET/CT-scanners (BioGraph 40 mCT, Siemens Medical Solutions,
Knoxville Tennessee, USA)[13]. Image acquisition and reconstruction was performed
applying the European Association of Nuclear Medicine (EANM) procedural guidelines for
tumor PET imaging[14]. FDG-uptake was reported as the tumor to cervical spinal cord
standardized uptake ratio (SUR), as it was shown to be more robust than the standardized
uptake value (SUV)[15].
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Defining nodal FDG-uptake thresholds
FDG-PET/CT scans were imported into Pinnacle3 ǀϵ͘ϳϭϬ;WŚŝůŝƉƐDĞĚŝĐĂů^ǇƐƚĞŵƐ͕ĞƐƚ͕dŚĞ
Netherlands) and all lymph nodes having a short-ĂǆŝƐĚŝĂŵĞƚĞƌшϱŵŵ were delineated.
For each node, the long- and short-axis diameters were documented. Based on the CT-scan,
nodes were classified pathologic in case of central necrosis, loss of fatty hilum, or pathologic
enlargement (short-ĂǆŝĂůĚŝĂŵĞƚĞƌшϭϬŵŵ͕ŽƌшϭϭŵŵŝŶĐĂƐĞŽĨƐƵďĚŝŐĂƐƚƌŝĐŶŽĚĞƐͿ[5].
The FDG-PET image studies were read independently by 2 experienced nuclear medicine
physicians specialized in head and neck cancer. Based on qualitative visual interpretation of
FDG-uptake, each lymph node was scored using a 4-point scale (1 – definitely benign, 2 –
possibly benign, 3 – possibly malignant, 4 – definitely malignant) (Fig. 1). Quantitative
evaluation of FDG-uptake was not performed (e.g. thresholding). When all nodes were
scored by the observers, discrepancies were resolved by consensus. Necrotic lymph nodes
with irrefutably disturbed FDG-distribution were excluded from analysis.
The threshold for pathologic FDG-uptake was defined as the maximum uptake (SURmax) of
the node with the lowest FDG-uptake that was visually scored ‘4 – definitely malignant’.
This threshold will thus identify all nodes that were interpreted as definitely malignant by
the nuclear medicine physicians. The threshold for nodes with a presumed moderate tumor
burden was based on the SURmax of nodes that were visually scored ‘3 – possibly malignant’
and was defined as the lower limit to identify outliers by Tukey’s method (calculated by
dividing the interquartile range by 1.5 and subtracting it from the first quartile)[16].
Nodal risk assessment algorithm and its impact on treatment
A nodal risk assessment algorithm was developed by combining the thresholds with a nodal
size criterion that was previously reported in literature[6]. The impact of this risk
assessment algorithm on treatment was evaluated in an independent patient cohort. For
this purpose, radiation treatment plans were imported into Pinnacle3 ǀϵ͘ϳϭϬ ;WŚŝůŝƉƐ
Medical Systems, Best, The Netherlands) and the risk assessment was applied to all lymph
nodes within the radiation target volumes. Nodes that were upstaged or down staged based
on the risk assessment algorithm were documented.
Statistical analysis
All analyses were performed using SPSS v20 for Windows (IBM Corporation, Armonk, NY,
USA). Agreement between observers was evaluated by the kappa (k) statistic. The kappa
score can range from 0 to 1, where a higher score indicates better agreement between
observers. Comparison of means was performed by applying the Student T-test for unpaired
data. Two tailed p-ǀĂůƵĞƐчϬ͘ϬϱǁĞƌĞĐŽŶƐŝĚĞƌĞĚƚŽďĞƐŝŐŶŝĨŝĐĂŶƚ͘
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Fig. 1. 4-point scale for quantitative visual interpretation of FDG-uptake

90

–––––––––––––––––––––––––––––––––––––––––––––––––– Visual evaluation of nodal FDG-uptake

Results
Nodal FDG-uptake thresholds were evaluated in the primary dataset. In 12 patients, a total
of 101 lymph nodes (short-ĂǆŝƐĚŝĂŵĞƚĞƌшϱŵŵͿǁĞƌĞŝĚĞŶƚŝĨŝĞĚĂŶĚĚĞůŝŶĞĂƚĞĚŽŶƚŚĞ
FDG-PET/CT-scans. The observers evaluated and scored FDG-uptake in all nodes. The
interobserver agreement was high, having a Kappa of 0.51 when using ordinal scores (1 vs.
2 vs. 3 vs. 4) and 0.84 when using dichotomized scores (1-2 vs. 3-4).
Box plot graphs of qualitative visual interpretation of nodal FDG-uptake are shown in Fig. 2.
The mean SURmax was significantly different between the visual scores of nodal FDG-uptake.
All nodes that were visually scored ‘4 – definitely malignant’ on PET-scans and had a SURmax
шϮ͘Ϭ͘ The lower limit to identify outliers by Tukey’s method was SURmax = 1.5 and was based
on FDG-uptake in nodes that were visually scored ‘3 – possibly malignant’ on PET-scans.
Fig. 2. Box plots of the maximum nodal FDG-uptake

Box plots showing the distribution of the maximum nodal
FDG-uptake stratified by the visual scores of nodal FDG-uptake.
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A nodal risk assessment algorithm was developed by combining the thresholds with the
nodal size criterion to differentiate between nodes with an estimated low, intermediate or
high tumor burden. The criteria for each risk group are shown in Table 1. Based on the
primary dataset, a scatterplot of nodal size and SURmax in relation to this risk assessment
algorithm is shown in Fig. 3.
The potential impact of the risk assessment algorithm on treatment was evaluated in the
secondary dataset. A total of 45 lymph nodes were encompassed in the gross tumor
volume. When using the risk assessment algorithm on these nodes, 3 nodes were down
staged to intermediate-risk ĂŶĚ ϳŶŽĚĞƐ ǁĞƌĞ ĚŽǁŶ ƐƚĂŐĞ ƚŽ ůŽǁ-risk. The latter had no
pathologic morphology but were normal sized with low FDG-uptake and were mainly
situated close to pathologic nodes. For lymph nodes encompassed in the elective nodal
target volume, 3 nodes were upstaged to intermediate-risk and none were upstaged to
high-risk. When using the risk assessment algorithm, up- and down-staging occurred in 12%
(3/25) and 20% (5/25) of the patients, respectively.
Table 1. Nodal risk assessment algorithm.
Risk group
High
Intermediate
Low

Criteria
SURmax шϮ͘ϬOR necrosis OR positive cytology
SURmax шϭ͘ϱ- 2.0 AND ƐƵŵŵĞĚĚŝĂŵĞƚĞƌшϭϳŵŵ
SURmax фϭ͘ϱ

Fig. 3. Scatterplot of nodal risk assessment.

92

–––––––––––––––––––––––––––––––––––––––––––––––––– Visual evaluation of nodal FDG-uptake

Discussion
In this analysis, nodal FDG-uptake thresholds were identified to differentiate between
nodes with an estimated low-, moderate or high tumor burden. Using nodal size and FDGuptake, a risk assessment algorithm was created to identify borderline sized lymph nodes
without pathological morphology that are presumed to carry moderate tumorload. In
radiotherapy, such nodes are prone to be considered positive and are consequentially
treated with the highest boost-dose[4]. Radiobiological models indicate that the boost dose
is higher than necessary to achieve control in nodes with moderate tumorload[3]. The risk
assessment algorithm developed in the current analysis provides a standardized method to
select nodes for treatment with an intermediate dose-level in the context of the gradient
dose prescription concept. The safety and efficacy of such approach is currently
prospectively evaluated in the randomized controlled UPGRADE-RT trial (ClinicalTrials.gov
ŝĚĞŶƚŝĨŝĞƌ͗EdϬϮϰϰϮϯϳϱͿ[ϭϳ].
Evaluation of nodal FDG-uptake is not a ‘black or white’ phenomenon indicating the
presence or absence of malignancy. FDG-uptake is a continuous parameter, with an
increasing likelihood of malignancy and increasing tumorload with increasing levels of FDGuptake. Interpretation of nodes with low to moderate FDG-uptake (i.e grey-zone) is
challenging in daily practice and can result in a high interobserver variability. The biggest
advantage of the current risk assessment algorithm is a standardized evaluation of lymph
nodes, minimizing interobserver variability. Especially in multicenter trials, consistency in
interpretation of nodal FDG-uptake is, in addition to standardized image acquisition
following EANM/EARL, of utmost importance to ensure reproducibility of treatment
between centers.
The purpose of the current risk assessment algorithm is to differentiate between nodes with
an estimated low-, moderate or high tumor burden. This classification is mainly based on
the assumption that FDG-uptake reflects the number and metabolic activity of tumor cells
but lacks solid pathologic validation[12]. Nodal FDG-uptake may also be caused by FDGaccumulation in granulocytes and mononuclear cells as a result of inflammation and
infection[18]. Ultrasound (US) with fine needle aspirated cytology (FNAC) can confirm the
presence of malignant cells, but does not give an indication of tumor burden[19]. Moreover,
there is a limit to the number of nodes that can be sampled as it is often burdensome for
the patient, with a substantial risk of sampling error in nodes with low tumor burden[19].
Therefore, US-FNAC is not suitable for systematic evaluation of nodes with moderate or low
tumor burden. /ŶƚŚĞĐƵƌƌĞŶƚĂŶĂůǇƐŝƐ͕&EǁĂƐĂǀĂŝůĂďůĞŝŶϳϱй;ϵͬϭϮͿĨor nodes that were
classified pathologic based on CT-imaging, and was positive in all of these cases. The FDG93
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uptake threshold for ‘high tumor burden’ (SURmax шϮ͘ϬͿis based on these nodes. A similar
threshold for positive nodes (SUVmax ш Ϯ͘ϮͿ was found in a ƌĞƚƌŽƐƉĞĐƚŝǀĞ ĂŶĂůǇƐŝƐ ŽĨ ϭϳϬ
ŶŽĚĞƐŝŶϭϭϳƉĂƚŝĞŶƚƐ, that aimed to correlated US-FNAC results with nodal FDG-uptake[20].
In the current analysis, no pathologic verification was available for other nodes (with lowor moderate tumor burden). Instead, this nodal risk assessment algorithm is based on the
readings of FDG-PET imaging by experienced nuclear medicine physicians specialized in
head and neck cancer. The interobserver agreement in this analysis was high (Kappa 0.84).
Despite the lack of pathologic validation, such readings form the basis of nodal staging and
treatment recommendations in daily clinical practice and might therefore be considered as
the best affirmation currently available.
The potential impact of the risk assessment algorithm on treatment was evaluated in an
independent patient cohort. Despite the limited size of this cohort, intermediate risk lymph
nodes were identified in 24% (6/25) of the patients when using the risk assessment
algorithm. In half of these cases (n=3), nodes were upstaged from the elective nodal target
volume. Treatment of these nodes with a higher (intermediate) radiation dose could
theoretically reduce the rate of recurrence in these nodes[6]. However, this study could not
verify such claim because no follow-up data on regional recurrence was available.
Moreover, the number of patients was low and all patients were treated using conventional
dose levels. In the other half of the cases (n=3), nodes were down staged from the gross
tumor volume. Treatment of these nodes with a de-escalated (intermediate) dose would
theoretically not compromise control of disease but could potentially reduce toxicity of
treatment[3]. Obviously, this could also not be verified in retrospect. Furthermore,
following the gradient dose prescription concept, the elective radiation dose prescribed to
nodes classified as low-risk may be de-escalated, aiming to further reduce toxicity.
The safety and efficacy of treatment with the previously mentioned gradient dose
prescription, guided by the risk assessment algorithm described in this manuscript, will be
evaluated prospectively in the multicenter UPGRADE-RT trial[ϭϳ]. In total, 300 patients with
HNSCC will be randomized (ratio 2:1) to the intervention-arm and control-arm respectively.
Data provided by this trial can be used to further optimize the risk assessment algorithm
and/or the radiation doses prescribed.
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Abstract
Background and purpose: Multimodality imaging including 18F-FDG-PET has improved the
detection threshold of nodal metastases in head and neck squamous cell carcinoma
(HNSCC). The aim of this retrospective analysis is to investigate the impact of FDG-PET/CTbased nodal target volume definition (FDG-PET/CT-based NTV) on radiotherapy outcomes,
compared to conventional CT-based nodal target volume definition (CT-based NTV).
Materials and methods: Six-hundred-thirty-three patients treated for HNSCC with
definitive (chemo)radiotherapy using IMRT/VMAT techniques between 2008 and 2017
were analyzed. FDG-PET/CT-based NTV was performed in 46% of the patients. The median
follow-up was 31 months. Diagnostic imaging depicting the regional recurrence was coregistered with the initial CT-scan to reconstruct the exact site of the recurrence.
Multivariate Cox regression analysis was performed to identify variables associated with
radiotherapy outcome.
Results: FDG-PET/CT-based NTV improved control of disease in the CTVelective-nodal (HR:
0.33, p=0.026), overall regional control (HR: 0.62, p=0.027) and overall survival (HR: 0.71,
p=0.033) compared to CT-based NTV. The risk for recurrence in the CTVelective-nodal was
increased in case of synchronous local recurrence of the primary tumor (HR: 12.4,
p<0.001).
Conclusion: FDG-PET/CT-based NTV significantly improved control of disease in the
CTVelective-nodal, overall regional control and overall survival compared to CT-based NTV.
A significant proportion of CTVelective-nodal recurrences are potentially new nodal
manifestations from a synchronous local recurrent primary tumor. These results support
the concept of target volume transformation and give an indication of the potential of
FDG-PET to guide gradual radiotherapy dose de-escalation in elective neck treatment in
HNSCC.
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Introduction
Head and neck squamous cell carcinoma (HNSCC) has a substantial risk of cervical lymph
node metastases[1]. For small nodal metastases, it is not uncommon that they remain
undetected (i.e. occult) because they fall below the detection threshold of diagnostic
imaging[1, 2]. In a clinically negative neck (cN0) the prevalence of occult metastases
ranges between 10-35%, depending on the primary tumor site and T-stage[2]. To
eradicate potential occult nodal disease, elective irradiation (typically an equivalent dose
of 45-50 Gy in 2-Gy fractions) to the clinically uninvolved nodal target volume (CTVelectivenodal) is performed routinely in definitive (chemo)radiotherapy for HNSCC[2, 3].
Detection of nodal metastases by computed tomography (CT) and magnetic resonance
imaging (MRI) relies largely on non-specific anatomical criteria with limited abilities to
differentiate between metastatic and non-metastatic lymph nodes of small size[4]. Ultra
sound (US) with fine needle aspirated cytology (FNAC) can improve the accuracy, but
there is a limit to the number of nodes that can be sampled as it is often burdensome for
the patient[5]. Molecular imaging using 18F-fluorodeoxy-D-glucose positron emission
tomography (FDG-PET) provides non-invasive and quantitative assessment concerning the
functional process of glucose metabolism[6]. Because an increased glucose metabolism is
characteristic of SCC, good accuracy of FDG-PET in the detection of nodal metastases was
shown, and superiority of integrated FDG-PET/CT over conventional imaging was
demonstrated[7-10]. In radiotherapy, defining the nodal target volume with FDG-PET/CT
results in alteration of nodal treatment in approximately 1 out of 4 patients compared to
conventional imaging; with nodal upstaging in 8-21% and down staging in 3-11%[11-15].
Increased FDG-accumulation in inflammatory cells, however, may cause false-positive
nodal findings[7]. US-FNAC can provide pathologic confirmation, but sampling errors may
also occur[5].
The potential impact of improved nodal detection by FDG-PET/CT on radiotherapy
outcomes remains largely unresolved. This retrospective analysis investigates the effect of
defining the nodal target volume with FDG-PET/CT compared to CT with endpoints
recurrence and survival after definitive (chemo)radiotherapy for HNSCC.

99

6

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Materials and Methods
Patient selection
Clinical data of patients treated for HNSCC between 2008 and 2017 at the departments of
Radiation Oncology of two tertiary head and neck cancer centers in The Netherlands were
collected. Included were patients treated with definitive (chemo)radiotherapy for
histologically proven SCC of the oropharynx, larynx or hypopharynx. Excluded were
patients who had had previous oncologic treatment to the head and neck area, or who
had no indication for elective neck irradiation. Individual patient data from a previously
studied cohort was used and supplemented with patients for whom FDG-PET/CT was
available for defining the nodal target volume[16]. A total of 633 patients with a median
follow-up of 31 months (Range: 1-119 months) were included. Table 1 gives an overview
of patient and tumor characteristics.
This analysis was conducted according to the ethical principles for medical research
involving human subjects as stated in the Declaration of Helsinki and in the ICH Good
Clinical Practice guidelines and was approved by the local review board (reference number
2018-4080). The need for written informed consent was waived because of the
retrospective study design.
Diagnostic work-up and follow-up
Routine diagnostic work-up for the primary tumor involved physical examination including
flexible endoscopy and histological biopsy. An MRI-scan of the head and neck area was
acquired in case of oropharyngeal cancers (OPC), and a CT-scan in case of laryngeal and
hypopharyngeal cancers. Evaluation of the neck was performed using US-FNAC. A chest xray was performed to screen for distant metastases and second primaries, and in case of
extensive nodal disease a chest CT-scan or FDG-PET/CT-scan was acquired. HPV-status was
available in 72% (262/365) of patients with OPC. All patients were evaluated and discussed
by a multidisciplinary head and neck tumor board for tumor classification and treatment
recommendations.
Routine evaluation for recurrence consisted of physical examination and flexible
endoscopy and was performed every 2, 3, 4 and 6 monthly during the 1st, 2nd, 3rd and
4th-5th year after treatment, respectively. Additional diagnostic imaging and pathological
sampling was acquired for confirmation when recurrence was suspected. Routine followup ended 5 years after treatment if there was no evidence of disease recurrence up to
that date.
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Imaging for radiation treatment planning
FDG-PET/CT-scans (46%, n=290/633) or CT-scans of the head and neck area (starting from
the lower border of the clavicle to cranium) were acquired in radiation treatment position
using a customized thermoplastic head, neck and shoulders mask to immobilize patients
during the scanning procedures and radiation treatment. CT-scans were acquired using an
intravenous iodinated contrast agent. The majority (82%, n=237/290) of FDG-PET/CTscans were acquired in one session on EARL-accredited integrated PET/CT-scanners
(BioGraph 40 mCT, Siemens Medical Solutions, Knoxville Tennessee, USA) and were
acquired in Center 1 (43%, n=124/290) or Center 2 (57%, n=166/290). Image acquisition
and reconstruction was performed applying the European Association of Nuclear Medicine
(EANM) procedure guidelines for tumor PET imaging[6]. The EARL accreditation program
comprises extensive image- and calibration quality control and (cross)calibrations
between institutions, ensuring comparable scanner performance in a multicenter
setting[17]. Evaluation of FDG-PET/CT-imaging was performed by the attending radiation
oncologist and an experienced nuclear medicine physician. Study readings were
performed by means of qualitative visual analysis. No standardized quantitative
assessment of FDG-uptake was performed (e.g. thresholding).
Target volume definition and margins
The gross target volume (GTV) was delineated using information from clinical examination
and diagnostic imaging and encompassed all overtly macroscopic disease. For CT-based
nodal target volume definition (CT-based NTV), nodes were added to the GTV in case of
central necrosis, loss of fatty hilum, or pathologic enlargement (short-ĂǆŝĂůĚŝĂŵĞƚĞƌшϭϬ
ŵŵ͕ Žƌ шϭϭ ŵŵ ŝŶ ĐĂƐĞ ŽĨ ƐƵďĚŝŐĂƐƚƌŝĐ ŶŽĚĞƐͿ[18]. For FDG-PET/CT-based nodal target
volume definition (FDG-PET/CT-based NTV), nodes were added to the GTV based on
abnormal FDG-uptake (i.e. focal FDG-accumulation, notably above surrounding or
expected normal metabolic tissue activity, no formal cut-off values were used) in
combination with nodal appearance on CT-scan. Finally, nodes with positive US-FNAC
were also added to the GTV. The CTV was created by three-dimensional expansion of the
GTV by a margin of 10 mm, adjusted for anatomical borders.
The CTVelective-nodal was delineated according to international guidelines and encompassed
levels II, III and IV[19]. Unilateral neck only was included in case of cT1-2N0-2a tonsil
cancers >1cm from midline and limited invasion of the base of tongue, and bilateral neck
for all other tumors. Based on individual local tumor extension or nodal involvement,
additional levels (Ib, V, VI, VIIa, VIIb) were included[19]. A planning target volume (PTV)
was created by 3D expansion of the CTV by a margin of 3-5 mm.
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External beam radiotherapy
All patients were treated using intensity modulated radiotherapy (IMRT) (n=490) or
volumetric arc therapy (VMAT) (n=143). Various fractionation schedules were used, all
prescribing an equivalent dose in fractions of 2 Gy (EQD2) of 70-74 Gy to the GTV and 4550 Gy to the CTVelective-nodal. Eighty-seven percent of the patients was treated with 1 of the
following fractionation schedules: an accelerated fractionation schedule prescribing
68/50.3 Gy in 2/1.48 Gy fractions with simultaneous integrated boost (SIB) in an overall
treatment time (OTT) of 5.5 weeks (n=439) or a conventional fractionation schedule
prescribing 70/46 Gy in 2 Gy fractions with sequential boost in an OTT of 7 weeks (n=114).
Patients <70 years of age with stage III-IV disease received concurrent treatment with
cisplatin 100mg/m2 every 3 weeks (n=110) or 40mg/m2 weekly (n=77), or with cetuximab
if the patient was unfit for cisplatin (n=51).
Recurrence in the elective nodal target volume
For all patients with a regional recurrence, the initial radiation treatment plans, including
the planning (FDG-PET)CT-scan and delineation, were imported into Pinnacle3 version
9.10 (Philips Medical Systems, Best, The Netherlands). To reconstruct the projected site of
the regional recurrences on the initial planning scan, co-registration was performed with
diagnostic imaging depicting the recurrence. Reports from pathologic evaluation of
salvage neck dissection specimens and US-FNAC, and reports of diagnostic imaging were
combined to identify the lymph node recurrence on an individual basis. Based on the
projected location on the initial planning scan, regional recurrences were categorized into
three subtypes: within the initial nodal GTV, within the CTVelective-nodal or outside any
radiotherapy target volume. For recurrences in the CTVelective-nodal, pre-existing nodes on
the exact same position of the recurrence were identified and delineated on the initial
radiation planning (FDG-PET)CT-scan for analysis of morphology and FDG-uptake. FDGuptake was reported as the tumor to cervical spinal cord standardized uptake ratio (SUR),
as it was shown to have a better reproducibility in a multicenter setting than the
standardized uptake value (SUV)[20].

102

––––––––––––––––––––––––––––––––––––––––––––– PET/CT-based nodal target volume definition

Statistical analysis
Data characterized by normal distribution were expressed as mean with 95% confidence
interval (95% CI) or as median with range if not. Comparison of groups with not normally
distributed data was performed by applying the Mann-Whitney U test. Cramer’s V was
calculated to assess correlations between nominal variables. All reported data on
recurrence and survival are actuarial rates, estimated using the Kaplan-Meier method.
Time was calculated from histological diagnosis until an event. Statistical tests were twosided and p-values of 0.05 or less were considered significant. All analyses were
performed using SPSS version 25 for Windows (IBM Corporation, Armonk, NY, USA).
Multivariate Cox regression analysis was performed to estimate hazard ratios (HRs) with
95% CI. Variables associated with outcome were identified in a multivariate setting using
backward elimination without univariate prefiltering[21]. In this method, all variables (age,
gender, institution, tumor site, stage, T-classification, N-classification, HPV-status, NTV and
chemotherapy) are entered in the multivariate model and significance is tested. In each
subsequent iteration, the most insignificant variable is removed from the model and
significance is recalculated. This process is repeated until all variables in the model meet
ƚŚĞƐĞůĞĐƚŝŽŶĐƌŝƚĞƌŝŽŶƚŽďĞƌĞƚĂŝŶĞĚŝŶƚŚĞŵŽĚĞů͘ƐĞůĞĐƚŝŽŶĐƌŝƚĞƌŝŽŶŽĨɲчϬ͘ϭϱϳǁĂƐ
chosen to reduce the possibility of missing variables associated with outcome[22].
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Results
Model summaries of multivariate Cox regression analysis regarding local, regional and
distant control, as well as overall survival are shown in Table 2 (for full models and
univariate models see Supplemental Materials). Patients with FDG-PET/CT-based NTV had
a significantly increased regional control (HR: 0.62, 95% CI: 0.40-0.95, p=0.027), overall
survival (HR: 0.71, 95% CI: 0.52-0.97, p=0.033) and a trend towards increased distant
control (HR: 0.67, 95% CI: 0.43-1.07, p=0.091) compared to patients with CT-based NTV
(Fig. 1). No statistically significant differences were observed between centers. Local
control of the primary tumor was not different between patients who had FDG-PET/CTbased or CT-based NTV (p=0.333). Correlations analysis demonstrated only weak
correlations between (FDG-PET/)CT-based NTV and tumor sites (e.g. oropharynx)
(Cramer’s V=0.13; p=0.005) or HPV-status (Cramer’s V=0.28; p<0.001), indicating
independent parameters (see Supplemental Materials).
For all regional recurrences (n=98), the exact site of each recurrence could successfully be
projected onto the initial planning scans. Recurrences were located within the nodal GTV
in 77% (75/98), within the CTVelective-nodal in 24% (24/98), and outside any target volume in
Fig. 1. Radiotherapy outcomes (continued on next page).

Plots of multivariate Cox regression analysis showing actuarial
radiotherapy outcomes stratified by FDG-PET/CT-based or CT-based
NTV for (A) regional control, (B) distant control and (C) overall survival.
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7% (7/98) of the cases. For all patients with regional recurrences outside the elective
target volume, the nodal levels treated were as per protocol (i.e. there were no regional
failures due to nodal levels erroneously not included in the elective volume). Recurrences
in the CTVelective-nodal occurred within 2 years after treatment in 92% (22/24) of the cases.
Fig. 1. Radiotherapy outcomes (continued).

6

Plots of multivariate Cox regression analysis showing actuarial
radiotherapy outcomes stratified by FDG-PET/CT-based or CT-based
NTV for (A) regional control, (B) distant control and (C) overall survival.
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Results of multivariate Cox regression analysis regarding recurrence in the CTVelective-nodal
are shown in Table 1 and Fig. 2. Patients with FDG-PET/CT-based NTV had a significantly
lower rate of recurrence in the CTVelective-nodal (HR: 0.33, 95% CI: 0.12-0.88, p=0.026)
compared to patients with CT-based NTV. Chemotherapy didn’t reduce this rate (p=0.592).
Fig. 2. Recurrence in the CTVelective-nodal.

Plots of multivariate Cox regression analysis showing the actuarial
rates of recurrence in the CTVelective-nodal stratified by (A) FDG-PET/CTbased or CT-based NTV and (B) presence of synchronous local
recurrence of the primary tumor.
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Table 1. Multivariate Cox regression analysis for recurrence in the CTVelective-nodal.
No. of
No. CT-based
No. FDG-PET/CT-based
Multivariate analysis
Characteristic
patients (%) NTV (%) / events
NTV (%) / events
HR (95% CI)
P
Age at diagnosis (y)
чϲϬ
243 (38)
136 (40) / 8
107 (37) / 4
not in model*
0.350
> 60
390 (62)
207 (60) / 11
183 (63) / 1
Gender distribution
Male
456 (72)
243 (71) / 13
213 (73) / 4
not in model*
0.777
177 (28)
100 (29) / 6
77 (27) / 1
Female
Institution
Center 1
467 (74)
343 (100) / 19
124 (43) / 1
not in model*
0.299
166 (26)
166 (57) / 4
Center 2
Primary tumor site
Oropharynx
365 (58)
180 (53) / 8
185 (64) / 5
not in model*
0.947
159 (25)
103 (30) / 8
56 (19) / 0
Larynx
109 (17)
60 (17) / 3
49 (17) / 0
Hypopharynx
Stage
I-II
153 (24)
104 (30) / 6
49 (17) / 2
not in model*
0.688
480 (76)
239 (70) / 13
241 (83) / 3
III-IV
T classification
T1-2
309 (49)
176 (51) / 11
133 (46) / 2
not in model*
0.491
T3-4
324 (51)
167 (49) / 8
157 (54) / 3
N classification
N0
239 (38)
154 (45) / 11
85 (29) / 2
not in model*
0.629
N1-3
394 (62)
189 (55) / 8
205 (71) / 3
HPV-status (OPC only)±
OPC HPV-negative
118 (19)
35 (10) / 1
83 (29) / 4
not in model*
0.877
144 (23)
68 (20) / 4
76 (26) / 0
OPC HPV-positive
Other£
371 (58)
240 (70) / 14
131 (45) / 1
NTV
CT-based
343 (54)
343 (100) / 19
Ref.
290 (46)
190 (100) / 5
0.33 (0.12-0.88)
0.026
FDG-PET/CT-based
Chemotherapy
No
395 (62)
242 (71) / 14
153 (53) / 2
not in model*
0.592
238 (38)
101 (29) / 5
137 (47) / 3
Yes
Local recurrence
237 (82) / 0
Ref.
No
508 (80)
271 (79) / 7 ¥
72 (21) / 12 ¥
53 (18) / 5 ¥
12.4 (5.1-30.0)
<0.001
125 (20)
Yes
* Variable removed from model by backward elimination due to insignificance (p>0.157)
± HPV-status was available in 72% (262/365) of patients with OPC.
£ Unknown HPV-status for cancers of the oropharynx (n=103), larynx (n=159) and hypopharynx (n=109)
¥ All recurrences in the CTV
elective-nodal were diagnosed synchronously with local recurrence of the primary tumor
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In the entire patient group, the rate of recurrence in the CTVelective-nodal was significantly
increased in case of synchronous local recurrence of the primary tumor (HR: 12.4, 95% CI:
5.1-30.0, p<0.001). This means that regional recurrence was diagnosed during diagnostic
work-up of the local recurrence or vice versa (n=14), or that the regional recurrence was
diagnosed by histopathological examination of a neck dissection specimen (micro
metastases) obtained at salvage surgery for the local recurrence, and thus was clinically
occult (n=2). For 1 patient, the local recurrent tumor was not recognized at the time of
salvage treatment of the CTVelective-nodal recurrence (mucosal ulcer present), and was
therefore diagnosed afterwards. For patients with synchronous local recurrence, FDGPET/CT-based NTV did not reduce the rate of recurrence in the CTVelective-nodal (p=0.27). For
patients who remained free of local recurrence, not a single recurrence in the CTVelectivenodal was observed in case of FDG-PET/CT-based NTV (p=0.01).
Table 2. Multivariate analysis for radiotherapy outcome (continued on next page).
Local recurrence 1/*
Characteristic
Gender distribution
Male
Female
Primary tumor site
Oropharynx
Larynx
Hypopharynx
T classification
T1-2
T3
T4
HPV-status (OPC only)±
OPC HPV-negative
OPC HPV-positive
Other£
Chemotherapy
No
Yes

Regional recurrence 2/*
HR (95% CI)
P
Characteristic
HR (95% CI)
Primary tumor site
Ref.
Ref.
Oropharynx
1.33 (0.63-2.83)
0.059
0.67 (0.44-1.02)
Larynx
2.46 (1.24-4.86)
Hypopharynx
Ref.
0.070
T classification
Ref.
1.26 (0.73-2.17)
0.399
T1-2
0.58 (0.35-0.95)
0.63 (0.32-1.24)
0.179
T3
0.67 (0.40-1.12)
T4
<0.001
Ref.
N classification
Ref.
0.072
1.51 (0.96-2.37)
N0
1.27 (0.57-2.84)
<0.001
3.13 (1.84-5.31)
N1
4.34 (2.50-7.54)
N2-3
Ref.
0.088
HPV-status (OPC only)±
OPC HPV-negative
Ref.
0.039
0.54 (0.30-0.97)
OPC HPV-positive
0.42 (0.22-0.78)
0.88 (0.50-1.55)
0.668
Other£
0.40 (0.19-0.84)
NTV
Ref.
CT-based
Ref.
0.53 (0.33-0.85)
0.008
FDG-PET/CT-based
0.62 (0.40-0.95)
* Variables removed from model by backward elimination due to insignificance (p>0.157)
± HPV-status was available in 72% (262/365) of patients with OPC.
£
Unknown HPV-status for cancers of the oropharynx (n=103), larynx (n=159) and hypopharynx (n=109)
1 age (p=0.675), institution (p=0.403), stage (p=0.314), N-classification (0.477), NTV (p=0.333)
2
age (p=0.830), gender (p=0.794), institution (p=0.336), stage (p=0.500), chemotherapy (p=0.832)
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P
0.017
0.456
0.010
0.133
0.031
0.129
<0.001
0.565
<0.001
0.012
0.006
0.016
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In 88% (21/24) of the patients with recurrence in the CTVelective-nodal, pre-existing nodes on
the exact same position of the recurrence could be identified on the initial planning scan.
Critical revision of the images revealed that none of these pre-existing nodes were
morphologically pathological (e.g. central necrosis or pathologically enlarged having a
short-ĂǆŝƐĚŝĂŵĞƚĞƌшϭϬŵŵ͕ŽƌшϭϭŵŵŝŶĐĂƐĞŽĨƐƵďĚŝŐĂƐƚƌŝĐŶŽĚĞƐͿ͕ĂŶĚƚŚƵƐǁĞƌĞŶŽƚ
‘missed’ in the GTV. These pre-existing lymph nodes had a significantly smaller volume
(median: 0.46 cc versus 1.02 cc, p<0.001) and short-axis diameter (median: 6 mm versus 8
mm, p=0.05) (in transverse plane) in patients who had FDG-PET/CT-based NTV compared
to those who had not (Fig. 3).
Table 2. Multivariate analysis for radiotherapy outcome (continued).
Distant recurrence 3/*
Characteristic
Primary tumor site
Oropharynx
Larynx
Hypopharynx
Stage
I-II
III
IV
N classification
N0
N1
N2-3
HPV-status (OPC only)±
OPC HPV-negative
OPC HPV-positive
Other£
NTV
CT-based
FDG-PET/CT-based
Chemotherapy
No
Yes

Overall survival 4/*
HR (95% CI)
P
Characteristic
HR (95% CI)
Age at diagnosis (y)
Ref.
Ref.
<0.001
чϲϬ
1.23 (0.87-1.72)
5.76 (1.89-17.5)
0.002
60-70
1.97 (1.28-3.01)
7.28 (2.49-21.3)
<0.001
шϳϬ
Primary tumor site
Ref.
Ref.
0.067
Oropharynx
1.27 (0.77-2.09)
0.99 (0.36-2.71)
0.984
Larynx
1.69 (1.04-2.72)
0.14 (0.02-0.97)
0.047
Hypopharynx
T classification
Ref.
Ref.
<0.001
T1-2
1.26 (0.86-1.84)
0.94 (0.32-2.78)
0.905
T3
2.28 (1.47-3.54)
23.2 (3.2-168)
0.002
T4
N classification
Ref.
Ref.
<0.001
N0
0.98 (0.59-1.63)
0.37 (0.19-0.70)
0.002
N1
1.86 (1.31-2.64)
0.12 (0.04-0.36)
<0.001
N2-3
HPV-status (OPC only)±
OPC HPV-negative
Ref.
Ref.
OPC HPV-positive
0.52 (0.32-0.854
0.67 (0.43-1.07)
0.091
Other£
0.60 (0.36-1.01)
NTV
Ref.
CT-based
Ref.
1.81 (1.10-2.99)
0.019
FDG-PET/CT-based
0.71 (0.52-0.97)
Chemotherapy
No
Ref.
Yes
0.66 (0.43-1.00)
* Variables removed from model by backward elimination due to insignificance (p>0.157)
± HPV-status was available in 72% (262/365) of patients with OPC.
£ Unknown HPV-status for cancers of the oropharynx (n=103), larynx (n=159) and hypopharynx (n=109)
3 age (p=0.765), gender (p=0.648), institution (p=0.893), T-classification (p=0.823)
4
gender (p=0.584), institution (p=0.936), stage (p=0.422)
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P
0.009
0.237
0.002
0.094
0.347
0.033
0.001
0.242
<0.001
<0.001
0.934
<0.001
0.022
0.007
0.053

0.033

0.051
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FDG-uptake in pre-existing nodes was barely above background FDG-uptake, having a
median SURmax of 1.15 (range: 0.94-1.44). In cases of synchronous local recurrence of the
primary tumor, pre-existing lymph nodes also had a significantly smaller volume (median:
0.76 cc versus 1.67 cc, p=0.05) and short-axis diameter (median: 6 mm versus 8 mm,
p=0.04), compared to cases with isolated nodal recurrences (Fig. 3).
Fig. 3. Properties of recurrent nodes in the CTVelective-nodal.

Box plots showing the distribution of (A) volume and (B)
short-axis diameter (in transverse plane) of pre-existing
lymph nodes at the location of the CTVelective-nodal recurrence
stratified by FDG-PET/CT-based or CT-based NTV, and
synchronous local recurrence of the primary tumor.
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Discussion
This retrospective analysis shows that FDG-PET/CT-based NTV significantly improves
control of disease in the CTVelective-nodal, regional control and overall survival, compared to
CT-based NTV. These improved outcomes could not be attributed to HPV-effects as
correlations analysis demonstrated independency between (FDG-PET/)CT-based NTV and
tumor sites (e.g. oropharynx) or HPV-status. The results support the concept of target
volume transformation and demonstrate the potential of FDG-PET to guide radiotherapy
dose de-escalation in elective neck treatment in HNSCC[3]. In the following section, the
concept of target volume transformation will be explicated and illustrated by clinical
evidence provided in this paper.
It is well established that modern multimodality imaging including FDG-PET has improved
the detection threshold of nodal metastases in HNSCC[9, 10, 15]. As a consequence, lymph
nodes containing small tumorload that used to remain undetected and thus were included
in the CTVelective-nodal, are now detected and included in the GTV. This ‘upgrading’ of small
nodal metastases from CTVelective-nodal to GTV is defined as target volume transformation
(Fig. 4A)[3]. This is demonstrated in the current analysis by the smaller volume (0.46 cc
versus 1.02 cc, p<0.001) of pre-existing lymph nodes on the initial treatment planning CTscan (at the locations of the CTVelective-nodal recurrences) in patients with FDG-PET/CT-based
NTV. In an earlier comprehensive volumetric analysis of 1166 electively irradiated nodes in
264 patients of the current cohort with CT-based NTV, an increased risk of recurrence with
increasing nodal volume was demonstrated (compared to nodes <1.0 cc, HR=5.4 for nodes
1.0-1.5 cc, and HR=25.7 for nodes >1.5 cc)[16]. A summed nodal short- and long-axis
diameter was shown to be a good alternative for laborŝŽƵƐǀŽůƵŵĞĐĂůĐƵůĂƚŝŽŶƐ͕ƵƐŝŶŐшϭϳ
mm as cut-off (HR=17.8). The significantly smaller volume (0.46 cc) of pre-existing lymph
nodes in patients with FDG-PET/CT-based NTV suggests that borderline sized nodes
carrying tumor deposits, but without pathological morphology, were identified by FDGPET and added to the GTV. In the literature, several studies report nodal upstaging in 821% in patients with FDG-PET/CT-based NTV[11-15].
As a consequence of this improved detection, the GTV will more often contain low-volume
disease, and the CTVelective-nodal will contain less occult disease (Fig. 4A). This has
implications for treatment outcome, as is demonstrated in the current analysis by a
significantly lower recurrence rate in the CTVelective-nodal in patients with FDG-PET/CT-based
NTV (HR: 0.33, p=0.026). While recurrence in the CTVelective-nodal is associated with
synchronous local recurrence of the primary tumor (HR: 12.4, p<0.001), the rate of local
recurrences was not different between patients with FDG-PET/CT-based or CT-based NTV
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(p=0.333) and thus could not explain the lower recurrence rate in the CTVelective-nodal. The
impact of FDG-PET/CT-based NTV on the recurrence rate in the CTVelective-nodal was most
evident in patients without local recurrence, in whom not a single isolated recurrence in
the CTVelective-nodal was observed.
There was also a significantly lower overall regional recurrence rate in patients with FDGPET/CT-based NTV (HR: 0.62, p=0.027). In the first place, this is a direct result of improved
control of disease in the CTVelective-nodal. Secondly, the addition of low-volume nodal disease
to the GTV as a result of target volume transformation could also potentially have
contributed to an increased control within the nodal GTV because treatment of lowvolume disease to a high dose is expected to have a very high rate of control. Indeed, an
increased overall survival was observed in patients with FDG-PET/CT-based NTV (HR: 0.71,
Fig. 4. Target volume transformation. Reproduced from [3] with permission.

(A) Modern multimodality imaging employing FDG-PET has improved the detection
threshold of small nodal metastases. As a result, borderline sized lymph nodes with
metastases that used to remain undetected and were included in the CTVelective-nodal, will
nowadays be identified and included in the GTV. As a consequence of these target volume
transformations, the GTV nowadays will more often contain low-volume disease (but is
treated with the same high radiation dose) and the CTVelective-nodal will nowadays contain
less tumorload (but is treated with the same elective radiation dose), which can be
considered as overtreatment. (B) As such, the traditional binary dose prescription could be
refined to a gradient dose prescription that is proportional to (occult) tumor volume.
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p=0.033). It is plausible that this is the result from the increased regional control in these
patients, resulting in less distant metastases. In multivariate analysis on distant
recurrence, a trend was observed towards less distant recurrences in patients with FDGPET/CT-based NTV (HR: 0.67, p=0.091).
As a consequence of the described target volume transformations, high-dose target
volumes will more often contain low-volume disease (but are treated with the same high
radiation dose), and elective volumes contain less tumorload (but are treated with the
same elective radiation dose). This could be interpreted as an unintended dose escalation
and thus as overtreatment, especially in the elective dose region (Fig. 4A)[3]. As such, this
provides a window of opportunity for gradual de-escalation of radiation dose to lymph
nodes proportional to the expected tumorload, aiming to maintain optimal tumor control
with less treatment-related toxicity (Fig. 4B). FDG-PET is ideal for guidance of such dose
de-escalation since it is a driving force for target volume transformation as FDG-uptake
may be considered as a surrogate parameter for tumor cell density[23]. On the basis of
nodal size and FDG-uptake, a graded dose prescription algorithm could be envisaged[16].
DŽƌƉŚŽůŽŐŝĐ ƉĂƚŚŽůŽŐŝĐĂů ŶŽĚĞƐ ĂŶĚ ďŽƌĚĞƌůŝŶĞ ƐŝǌĞĚ ŶŽĚĞƐ ;Ğ͘Ő͘ ƐƵŵŵĞĚ ĚŝĂŵĞƚĞƌ шϭϳ
mm) with high FDG-uptake receive the unchanged boost dose. Borderline sized nodes
with intermediate FDG-uptake receive an intermediate dose. Nodes with low (normal)
FDG-uptake are added to the low-risk volume (CTVelective-nodal) and receive a de-escalated
elective dose. Distinction between low-risk and intermediate-risk lymph nodes within the
elective nodal target volume was recently recognized in the 2019 update for selection of
lymph node target volumes in head and neck irradiation[24].
Currently, there is one ongoing multicenter randomized controlled trial that investigates
the safety and long-term toxicity of this graded dose prescription concept[25]. In the
UPGRADE-RT trial (NCT02442375), 300 patients with stage II-IV oropharyngeal, laryngeal
and hypopharyngeal SCC will be randomized (ratio 2:1) to gradient dose prescription or to
traditional dose prescription, irrespective of HPV-status. A FDG-PET/CT will be acquired for
radiation treatment planning in all patients. In the intervention-arm, nodes are selected
for treatment with an intermediate dose level of 60 Gy (EQD2) based on the previously
mentioned risk-assessment algorithm using nodal size and FDG-uptake. Dose to the
elective neck is de-escalated to 35 Gy (EQD2) versus 45 Gy (EQD2) in the control-arm.
Dose to gross tumor will be 73Gy (EQD2) in both treatment arms.
Another important observation in the current analysis is that the majority of recurrences
in the CTVelective-nodal occurred synchronously with local recurrence of the primary tumor
(17/24). FDG-PET/CT-based NTV did not reduce the recurrence rate in the CTVelective-nodal in
patients with local recurrence (p=0.27), while it was reduced to zero in patients without
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local recurrence (p=0.01). This suggests that most of these recurrences may be new nodal
metastases from the local recurrent primary tumor and do not result from failure of
elective irradiation. This hypothesis is also supported by the observation that, in
multivariate analysis, no benefit of concurrent chemotherapy was found on recurrence in
the CTVelective-nodal (p=0.592) while the radio-sensitizing effect of chemotherapy is also
expected to be effective for subclinical disease[26]. Finally, pre-existing lymph nodes at
the location of the recurrence in the CTVelective-nodal had a substantially smaller volume in
case of synchronous local recurrence (0.76 cc versus 1.67 cc, p=0.05) compared to isolated
nodal recurrences. The chance of harboring tumor rapidly decreases in nodes with
decreasing size[4, 5, 27, 28]. For such small tumor volumes, radiobiological models
indicate very high tumor control probability (>98%) with current elective doses (45-50
Gy)[3]. Therefore, the 17.4% recurrence rate in the CTVelective-nodal in case of local
recurrence cannot be solely explained by failure of elective irradiation.
While the observations mentioned above suggest that the majority of recurrences in the
CTVelective-nodal are new nodal metastases from a synchronous local recurrence of the
primary tumor, this study does not provide irrefutable evidence for this hypothesis. The
gold standard to determine the presence or absence of occult nodal disease is
histopathology, but obviously, this cannot be performed in retrospect[27]. Therefore, it is
impossible to provide such evidence and the current results might be the best affirmation
available. Other limitations of this study are the retrospective design, comparison with a
single center cohort of CT-based NTV, and the low number of events. Due to the high
efficacy of radiotherapy in eradicating occult disease, recurrence in the CTVelective-nodal was
observed only in 24 of 633 patients. As a result, only the strongest predictors of
recurrence in the CTVelective-nodal, such as synchronous local recurrence and FDG-PET/CTbased NTV, could be identified in multivariate analysis. Potential but weaker associations
with other patient or tumor characteristics were not found, but could not be excluded
either.
In conclusion, this retrospective analysis shows that FDG-PET/CT-based NTV significantly
improved control of disease in the CTVelective-nodal, regional control and overall survival
compared to patients with CT-based NTV. A significant proportion of CTVelective-nodal
recurrences are potentially new nodal manifestations from a synchronous local recurrent
primary tumor. These results support the concept of target volume transformation and
give an indication of the potential of FDG-PET to guide gradual radiotherapy dose deescalation in elective neck treatment in HNSCC. Results from randomized controlled
clinical trials on FDG-PET guided dose de-escalation need to be awaited to evaluate safety
and toxicity reduction.
114

––––––––––––––––––––––––––––––––––––––––––––– PET/CT-based nodal target volume definition

References
[1]
[2]
[3]

[4]
[5]

[6]
[7]
[8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]
[18]
[19]

[20]

[21]
[22]
[23]
[24]

Vokes EE, Weichselbaum RR, Lippman SM, et al. Head and neck cancer. N Engl J Med. 1993;328:184-94.
Pillsbury HC, 3rd, Clark M. A rationale for therapy of the N0 neck. Laryngoscope. 1997;107:1294-315.
van den Bosch S, Vogel WV, Raaijmakers CP, et al. Implications of improved diagnostic imaging of small
nodal metastases in head and neck cancer: Radiotherapy target volume transformation and dose deescalation. Radiother Oncol. 2018;128:472-8.
van den Brekel MW, Stel HV, Castelijns JA, et al. Cervical lymph node metastasis: assessment of radiologic
criteria. Radiology. 1990;177:379-84.
van den Brekel MW, Castelijns JA, Stel HV, et al. Modern imaging techniques and ultrasound-guided
aspiration cytology for the assessment of neck node metastases: a prospective comparative study. Eur
Arch Otorhinolaryngol. 1993;250:11-7.
Boellaard R, O'Doherty MJ, Weber WA, et al. FDG PET and PET/CT: EANM procedure guidelines for tumour
PET imaging: version 1.0. Eur J Nucl Med Mol Imaging. 2010;37:181-200.
Fletcher JW, Djulbegovic B, Soares HP, et al. Recommendations on the use of 18F-FDG PET in oncology. J
Nucl Med. 2008;49:480-508.
Kyzas PA, Evangelou E, Denaxa-Kyza D, et al. 18F-fluorodeoxyglucose positron emission tomography to
evaluate cervical node metastases in patients with head and neck squamous cell carcinoma: a metaanalysis. J Natl Cancer Inst. 2008;100:712-20.
Yongkui L, Jian L, Wanghan, et al. 18FDG-PET/CT for the detection of regional nodal metastasis in patients
with primary head and neck cancer before treatment: a meta-analysis. Surg Oncol. 2013;22:e11-6.
Sun R, Tang X, Yang Y, et al. (18)FDG-PET/CT for the detection of regional nodal metastasis in patients with
head and neck cancer: a meta-analysis. Oral Oncol. 2015;51:314-20.
Koshy M, Paulino AC, Howell R, et al. F-18 FDG PET-CT fusion in radiotherapy treatment planning for head
and neck cancer. Head Neck. 2005;27:494-502.
Wang D, Schultz CJ, Jursinic PA, et al. Initial experience of FDG-PET/CT guided IMRT of head-and-neck
carcinoma. Int J Radiat Oncol Biol Phys. 2006;65:143-51.
Guido A, Fuccio L, Rombi B, et al. Combined 18F-FDG-PET/CT imaging in radiotherapy target delineation
for head-and-neck cancer. Int J Radiat Oncol Biol Phys. 2009;73:759-63.
Delouya G, Igidbashian L, Houle A, et al. (1)(8)F-FDG-PET imaging in radiotherapy tumor volume
delineation in treatment of head and neck cancer. Radiother Oncol. 2011;101:362-8.
van Egmond SL, Piscaer V, Janssen LM, et al. Influence of FDG-PET on primary nodal target volume
definition for head and neck carcinomas. Acta Oncol. 2016;55:1099-106.
van den Bosch S, Dijkema T, Verhoef LC, et al. Patterns of Recurrence in Electively Irradiated Lymph Node
Regions After Definitive Accelerated Intensity Modulated Radiation Therapy for Head and Neck Squamous
Cell Carcinoma. Int J Radiat Oncol Biol Phys. 2016;94:766-74.
Aide N, Lasnon C, Veit-Haibach P, et al. EANM/EARL harmonization strategies in PET quantification: from
daily practice to multicentre oncological studies. Eur J Nucl Med Mol Imaging. 2017;44:17-31.
Som PM. Detection of metastasis in cervical lymph nodes: CT and MR criteria and differential diagnosis.
AJR Am J Roentgenol. 1992;158:961-9.
Gregoire V, Levendag P, Ang KK, et al. CT-based delineation of lymph node levels and related CTVs in the
node-negative neck: DAHANCA, EORTC, GORTEC, NCIC,RTOG consensus guidelines. Radiother Oncol.
2003;69:227-36.
van den Bosch S, Dijkema T, Philippens MEP, et al. Tumor to cervical spinal cord standardized uptake ratio
(SUR) improves the reproducibility of (18)F-FDG-PET based tumor segmentation in head and neck
squamous cell carcinoma in a multicenter setting. Radiother Oncol. 2019;130:39-45.
Royston P, Sauerbrei W. Multivariable Model - Building: A Pragmatic Approach to Regression Anaylsis
based on Fractional Polynomials for Modelling Continuous Variables: John Wiley & Sons; 2008.
Heinze G, Dunkler D. Five myths about variable selection. Transpl Int. 2017;30:6-10.
Zhou SM, Wong TZ, Marks LB. Using FDG-PET activity as a surrogate for tumor cell density and its effect on
equivalent uniform dose calculation. Med Phys. 2004;31:2577-83.
Biau J, Lapeyre M, Troussier I, et al. Selection of lymph node target volumes for definitive head and neck
radiation therapy: a 2019 Update. Radiother Oncol. 2019;134:1-9.

115

6

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

[25] van den Bosch S, Dijkema T, Kunze-Busch MC, et al. Uniform FDG-PET guided GRAdient Dose prEscription
to reduce late Radiation Toxicity (UPGRADE-RT): study protocol for a randomized clinical trial with dose
reduction to the elective neck in head and neck squamous cell carcinoma. BMC Cancer. 2017;17:208.
[26] Bentzen SM, Harari PM, Bernier J. Exploitable mechanisms for combining drugs with radiation: concepts,
achievements and future directions. Nat Clin Pract Oncol. 2007;4:172-80.
[27] van den Brekel MW, van der Waal I, Meijer CJ, et al. The incidence of micrometastases in neck dissection
specimens obtained from elective neck dissections. Laryngoscope. 1996;106:987-91.
[28] van den Brekel MW, Castelijns JA, Snow GB. The size of lymph nodes in the neck on sonograms as a
radiologic criterion for metastasis: how reliable is it? AJNR Am J Neuroradiol. 1998;19:695-700.

116

––––––––––––––––––––––––––––––––––––––––––––– PET/CT-based nodal target volume definition

6

117

7
Uniform FDG-PET guided GRAdient
Dose prEƐĐƌŝƉƟŽŶ ƚŽ ƌĞĚƵĐĞ ůĂƚĞ
RĂĚŝĂƟŽŶ Toxicity (UPGRADE-RT):
ĐůŝŶŝĐĂůƚƌŝĂůƉƌŽƚŽĐŽů
DĂŶĐĞƌ͘ϮϬϭϳ͖ϭϳ;ϭͿ͗ϮϬϴ͘

^ǀĞŶǀĂŶĚĞŶŽƐĐŚ
^ǀĞ
^ǀĞŶǀĂŶ
ĚĞŶ ŽƐĐŚ
Ě
dŝŵŝũŬĞŵĂ
dŝŵ
ŝũŬĞŵ
ŝũŬ
DĂƌƟŶĂ͘<ƵŶǌĞͲƵƐĐŚ
ŚƌŝƐ,͘:͘dĞƌŚĂĂƌĚ
ŽƌŶĞůŝƐW͘ZĂĂŝũŵĂŬĞƌƐ
WĂƚƌŝĐŝĂ͘,͘ŽŽƌŶĂĞƌƚ
&ƌĂŶŬ:͘W͘,ŽĞďĞƌƐ
DĂƌŝũĞZ͘sĞƌŐĞĞƌ

ĂƐ<ƌĞŝŬĞ
tŝŵ:͘'͘KǇĞŶ
:ŽŚĂŶŶĞƐ,͘͘D͘<ĂĂŶĚĞƌƐ

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Abstract
Background: In definitive radiation therapy for head and neck cancer, clinically uninvolved
cervical lymph nodes are irradiated with a so-called ‘elective dose’ in order to achieve
control of clinically occult metastases. As a consequence of high-resolution diagnostic
imaging, occult tumor volume has significantly decreased in the last decades. Since the
elective dose is dependent on occult tumor volume, the currently used elective dose may
be higher than necessary. Because bilateral irradiation of the neck contributes to
dysphagia, xerostomia and hypothyroidism in a dose dependent way, dose de-escalation
to these regions can open a window of opportunity to reduce toxicity and improve quality
of life after treatment.
Methods: UPGRADE-RT is a multicenter, phase III, single-blinded, randomized controlled
trial. Patients to be treated with definitive radiation therapy for a newly diagnosed stage
T2-4N0-2M0 squamous cell carcinoma of the oropharynx, hypopharynx or larynx are eligible.
Exclusion criteria are recurrent disease, oncologic surgery to the head and neck area,
concomitant chemotherapy or epidermal growth factor receptor inhibitors. In total, 300
patients will be randomized in a 2:1 ratio to a treatment arm with or without deescalation of the elective radiation dose and introduction of an intermediate dose-level
for selected lymph nodes. Radiation therapy planning FDG-PET/CT-scans will be acquired
to guide risk assessment of borderline-sized cervical nodes that can be treated with the
intermediate dose level. Treatment will be given with intensity-modulated radiation
therapy or volumetric arc therapy with simultaneous integrated boost using an
accelerated fractionation schedule, 34 fractions in 5.5 weeks. The primary endpoint is
‘normalcy of diet’ at 1 year after treatment (toxicity). The secondary endpoint is the
actuarial rate of recurrence in electively irradiated lymph nodes at 2 years after treatment
(safety).
Discussion: The objective of the UPGRADE-RT trial is to investigate whether de-escalation
of elective radiation dose and the introduction of an intermediate dose-level for
borderline sized lymph nodes in the treatment of head and neck cancer will result in less
radiation sequelae and improved quality of life after treatment without compromising the
recurrence rate in the electively treated neck.
Trial registration: ClinicalTrials.gov Identifier NCT02442375.
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Background
In definitive radiation therapy for head and neck cancer, generally two dose-levels are
delivered. A high dose, the so-called “boost dose” to eradicate macroscopic tumor and a
lower dose, the so-called “elective dose” to achieve control of clinically occult metastases
in cervical lymph nodes.
The current equivalent dose in 2 Gy fractions (EQD2) prescribed to the elective volume is
45–50 Gy and is based on literature from the nineteen-fifties[1]. At that time, assessment
of the neck only consisted of physical examination due to the lack of sufficiently sensitive
diagnostic imaging of lymph nodes. Today, ultra-sound (US) with fine needle aspirated
cytology (FNAC), computed tomography (CT) and magnetic resonance imaging (MRI)
provide high resolution anatomical detail and have a high sensitivity and specificity in the
detection of cervical lymph node metastases in head and neck cancer[2], even in a neck
without palpable lymph nodes[3]. As a consequence of the implementation of highresolution diagnostic imaging techniques, tumor deposits measuring only a few
millimeters are now detected and added to the boost volume. It is therefore plausible that
nowadays occult tumor volume in radiologically uninvolved lymph nodes is much smaller
than in the era before the implementation of these imaging techniques. However, the
radiation therapy dose prescription practice for elective nodal regions has not changed
over the years.
Since the dose required to control subclinical disease is dependent on occult tumor
volume[4, 5], it would make sense to refine the traditional binary dose prescription to a
more gradual one that is proportional to tumor volume. For this purpose, molecular
imaging using 18F-fluorodeoxy-D-glucose positron emission tomography (FDG-PET) can
improve the accuracy of current diagnostic imaging assuming that FDG-uptake represents
tumor cell density, or at least is a good surrogate for this[6]. The potential value of FDGPET imaging in the management of cervical lymph nodes lies in the decision-making
process whether borderline-sized nodes should be treated with a boost or elective
dose[7]. It is even conceivable that borderline-sized nodes having mild FDG-uptake may
not require the maximum dose since they are likely to contain no or only a small tumor
volume. An intermediate dose level may be sufficient for such nodes.
Because bilateral irradiation of cervical lymph node regions contributes to dysphagia,
xerostomia and thyroid dysfunction in a dose dependent way[8, 9], dose reduction to
these regions can open a window of opportunity to reduce toxicity and improve quality of
life after treatment[10]. A treatment planning study performed at the Radboudumc
showed that de-escalation of the elective dose as proposed in this study protocol, can
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reduce dose to normal tissues such as the swallowing musculature, thyroid- and salivary
glands (unpublished data). Normal tissue complication probability models from the
available literature[11-15] showed that a relevant decrease in toxicity can be expected for
xerostomia (absolute up to 14%, relative risk up to 39%), dysphagia (absolute up to 12%,
relative risk up to 67%) and hypothyroidism (absolute up to 20%, relative risk up to 50%).
Given these considerations we believe that the traditional binary dose prescription in
head and neck cancer is outdated. In this trial, a more gradual dose prescription will be
used with de-escalation of the elective radiation dose and the introduction of an
intermediate dose-level in the treatment of head and neck cancer. The aim is to
investigate whether such a treatment will result in less radiation sequelae and improved
quality of life after treatment (expressed as a normalcy of diet) without compromising the
recurrence rate in electively irradiated lymph nodes.
Fig. 1. Flow chart giving an overview of the study design.

*the reported dose is the equivalent dose in 2 Gy fractions (EQD2).
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Methods/Design
Objectives
To determine whether a more gradual dose prescription with de-escalation of the elective
radiation dose and the introduction of an intermediate dose-level in the treatment of
head and neck cancer will result in less radiation sequelae and improved quality of life
after treatment (toxicity) without compromising the recurrence rate in electively
irradiated lymph nodes (safety).
Trial design
This is a multicenter, phase III, single-blinded, randomized controlled trial. Treatment
allocation at randomization will be at a ratio of 2:1 in favor of the intervention arm.
Randomization will be balanced for institution, tumor-site, T- and N-stage, and human
papillomavirus status using minimization with a random element. Randomization and
clinical trial data management is provided by the IKNL clinical research department. A flow
chart giving an overview of the study design is shown in Fig. 1.
In- and exclusion criteria
Adult patients having a new, pathologically proven squamous cell carcinoma located in the
larynx, oropharynx or hypopharynx with stage T2-4N0-2M0 are eligible for inclusion after
written informed consent. Patients must be able to undergo accelerated radiation therapy
and have a World Health Organization performance status of 0–2. Main exclusion criteria
are concomitant chemotherapy or epidermal growth factor receptor inhibitors for this
tumor, prior anticancer treatment to the head and neck area (surgery, chemotherapy or
radiation therapy), previous malignancies or uncontrolled diabetes mellitus.
Endpoints
Primary endpoint (toxicity): ‘normalcy of diet’ at 1 year after treatment, measured using
the performance status scale for patients with head and neck cancer (PSS-HN)[16].
Secondary endpoint (safety): actuarial rate of recurrence in electively irradiated lymph
nodes at 2 years after treatment.
Other endpoints: acute toxicity (mucositis, dysphagia and skin reaction). Late toxicity (with
focus on xerostomia, dysphagia and hypothyroidism). Quality of life (general-, xerostomiaand dysphagia related quality of life). Recurrence (local, regional, loco-regional and
distant). Survival (overall, disease specific and disease free).
123
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Sample size calculation
This study was designed to detect a 10-point difference on the PSS-HN ‘normalcy of diet’
score at 12 months after radiation therapy with a power of 90% at a two-sided significance
level of 0.05. An average ‘normalcy of diet’ score of 70 is expected after standard
treatment. To achieve this significance level with an unequal randomization ratio (2:1), a
total of 300 patients needs to be included.
The current rate of recurrence in electively irradiated lymph nodes was estimated to be
5% at 2 years after treatment[17]. An equal rate of recurrence is expected in the
intervention arm, despite elective dose de-escalation.  ƌĞĐƵƌƌĞŶĐĞ ƌĂƚĞ ŽĨ шϭϬй ǁŝůů ďĞ
considered clinically relevant and unacceptable. This difference can be detected with the
number of patients planned for the primary outcome of the study and a one-ƐŝĚĞĚɲсϬ͘ϭϬ͘
The duration of this trial is expected to be 6 years (4 years accrual, 2 years follow-up).
Pre-treatment evaluation
Pre-treatment evaluation will include physical examination and flexible endoscopy of the
upper aerodigestive tract, biopsy of the tumor, MRI and/or CT-scan of the head and neck
area, and US of the neck including FNAC of cervical lymph nodes. All patients are
evaluated by a multidisciplinary head-and-neck oncology team.
Radiation therapy planning FDG-PET/CT-scan
In order to ensure that in the multicenter setting of this trial, the acquired quantitative
data and standardized uptake value (SUV) recoveries are interchangeable between study
sites, all FDG-PET/CT-scans will be acquired on EARL accredited scanners
(http://earl.eanm.org) following the European Association of Nuclear Medicine (EANM)
procedure guidelines for tumor PET imaging v2.0[18]. FDG-PET/CT-scans of the head and
neck area will be acquired in radiation therapy treatment position using a custom-made
thermoplastic head, neck and shoulders mask to immobilize the patient during radiation
therapy and the scanning procedures. A diagnostic CT-scan using an intravenous contrast
agent will be acquired in one session on the PET/CT-scanner for treatment planning.
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Standardized uptake ratio (SUR)
In this trial, the SUV will be normalized by an internal image-derived standard, in order to
minimize inter-study variability of FDG-uptake[18]. The cervical spinal cord will be used as
the internal image-derived standard[19]. The SUR will be calculated using Eq. (1).
SURmax с

.
SUVmax of lesion
.
SUVmean of cervical spinal cord

(1)

Risk assessment of lymph nodes
In the intervention arm, lymph nodes will be classified into three risk-levels and will be
treated with a corresponding radiation dose. The FDG-PET-scan will guide risk assessment
using standardized methods in order to minimize inter-institutional and inter-operator
variations.
High-risk (macroscopic tumor): comprises metastatic nodes that will be identified by
(1) positive cytology or (2) necrosis on imaging or (3) SURmax шϮ͘Ϭ͘
Intermediate-risk: comprises lymph nodes of borderline size having intermediate FDGuptake and will be identified by (1) summed long- and short-ĂǆŝƐ ĚŝĂŵĞƚĞƌ ш ϭϳ ŵŵ
and (2) SURmax ш ϭ͘ϱ and <2.0 and (3) cannot be high-risk (e.g. positive cytology or
necrosis on imaging). These criteria are based on an in-depth risk assessment on
recurrence in 1166 electively irradiated nodes in 264 patients. Not overtly pathologic
lymph nodes with a summed ĚŝĂŵĞƚĞƌ ш ϭϳ ŵŵ ŚĂĚ ĂŶ ŝŶĐƌĞĂƐĞĚ ƌŝƐŬ ƚŽ ƌĞĐƵƌ after
elective treatment (Hazard Ratio: 17.8, 95%CI:5.7–55, p<0.001)[17].
Low-risk (microscopic tumor): comprises elective lymph node regions defined in the
protocol based on tumor site and stage and will be delineated according to published
guidelines[20]. Retropharyngeal lymph nodes will be evaluated by traditional means as
standardized FDG-PET-guided risk assessment is not applicable to these nodes.
In the control arm, no areas of intermediate risk will be identified. Lymph nodes are either
assigned to the high-risk (macroscopic) volume or low-risk (elective) volume by traditional
means (positive cytology or necrosis on imaging or short-ĂǆŝƐĚŝĂŵĞƚĞƌшϭϬŵŵ͕шϭϭŵŵ
for subdigastric nodes). The FDG-PET-scan may be used in the decision making process by
means of visual interpretation.

125

7

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Delineation and margins
For the primary tumor, the gross target volume (GTVp) will be delineated by traditional
means using information from clinical examination and diagnostic imaging (CT and/or
MRI) and will encompass all overtly macroscopic disease. In both treatment arms, a
biological target volume (BTVp) of the primary tumor is created by means of adaptive
threshold iso-contouring based on the FDG-SUR maps[19]. Gross / high-risk lymph node
metastases will be delineated separately (GTVn).
A clinical target volume (CTV) is created to cover all routes of potential subclinical disease
spread. The GTVp will be expanded by a 3D margin of 10 mm and the GTVn will be
expanded by a 3D margin of 5 mm (10 mm in case of extra nodal disease on imaging) in
order to create the CTVhigh-risk. The CTVhigh-risk will be adjusted for anatomical borders in
which microscopic disease is unlikely to extend. No CTV expansion will be used for
intermediate-risk lymph nodes as extra nodal disease is unlikely in these nodes.
To take patient set-up uncertainties into account, a planning target volume (PTV) will be
created by extension of the CTV with a 3D margin of 3-5 mm (according to the
participating centers protocols). Additionally, for the high-risk tumor volume an additional
PTVGBTV-high-risk will be created by extension of the BTVp and GTVn with a 3D margin of 3-5
mm. Differences in target volumes and dose prescription between the treatment arms are
illustrated in Fig. 2.
Organs at risk will be delineated according to published international consensus
guidelines[21]. Standardized naming of target volumes and organs at risk will facilitate
inter-institutional data analysis in this multicenter trial[22].
Table 1. Dose prescription.
*Dose (fraction dose) (Gy)
Target volume
Intervention-arm
Control-arm
**EQD2 (Gy)
PTVGBTV-high-risk
68 (2.00)
68 (2.00)
уϳϯ
PTVCTV-high-risk
64 (1.88)
64 (1.88)
уϲϳ
60 (1.76)
уϲϬ
PTVintermediate-risk
43 (1.26)
50 (1.47)
уϯϰͬϰϱ
PTVlow-risk
* An accelerated fractionation schedule will be used, 34 fractions in 5.5 weeks.
** The equivalent dose in 2 Gy fractions (EQD2) was calculated using the linear-quadratic
ŵŽĚĞůƵƐŝŶŐĂŶɲͬɴсϭϬ'ǇĨŽƌƚƵŵŽƌ[23]. Differences in treatment time were taken into
account by a correction of 0.6 Gy per day to compensate for tumor repopulation[24].

126

––––––––––––––––––––––––––––––––––––––––––––––––––––– UPGRADE-RT clinical trial protocol

Radiation therapy regimen
Patients will be treated with accelerated external beam radiation therapy (EBRT) using
volumetric modulated arc therapy (VMAT) or intensity modulated radiation therapy
(IMRT) with simultaneous integrated boost (SIB) techniques to deliver multiple dose
levels. The total treatment consists of 34 fractions in an overall treatment time of 5.5
weeks, delivering 6 fractions in 5 consecutive days per week. The interval between
fractions will be at least 6 h. According to the participating centers protocols, offline or
online cone beam CT-scans will be made during treatment to verify positioning of the
patient during irradiation. Dose prescriptions for the treatment arms are shown in Table 1.
Fig. 2. Radiation dose distribution.
Radiation therapy planning
FDG-PET/CT-scan of a
patient with an laryngeal
squamous cell carcinoma
(red arrow) with an
intermediate risk lymph
node in level 3 right (red
arrow) (A + B).
Comparison
of
dose
planning conform this
study protocol for the
control-arm
(C)
and
intervention-arm
(D)
shows the potential of
FDG-PET guided gradient
dose prescription with
dose reduction to the
elective neck in order to
better spare organs at risk.
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Follow-up
Acute toxicity will be evaluated weekly during treatment and every 2 weeks thereafter,
until acute toxicity is completely healed. Acute toxicity will be scored using the common
toxicity criteria v2.0[25]. Standard oncologic follow-up visits are scheduled every 2 months
during the 1st year and every 3 months during the 2nd year, after which study participation
ends. However, oncologic follow-up will continue every 4 months during the 3rd year and
twice annually until at least 5 years of follow-up. During oncologic follow-up visits, late
toxicity, recurrence and survival will be evaluated. Late toxicity will be scored using the
RTOG/EORTC late radiation morbidity scoring criteria[26].
Periodical study visits will be scheduled once before treatment and at 3, 6, 12 and 24
months after radiation therapy. Subjects will undergo assessment of the swallowing
function, thyroid- and salivary glands function and quality of life questionnaires will be
completed. A schedule of study procedures is shown in Table 2.
Table 2. Schedule of study procedures.
Procedure
Planning FDG-PET/CT-scan

Before
treatment
x

Acute toxicity (CTC v2.0)

During
treatment
x

Late toxicity (RTOG-EORTC)

0
x

Months after treatment
3
6
12
x

each routine oncologic follow-up visit

Assessment of thyroid function
(Blood analysis)

x

Dysphagia related quality of life
(PSS-HN, SWAL-QOL)

x

x

Assessment of swallowing function
(Water swallowing test)

x

x

Xerostomia related quality of life
(GRIX)

x

x

Assessment salivary gland function
(sialometry, sialochemistry)

x

x

General quality of life
(EORTC QLQ-C30, EORTC H&N35)

x

x

Assessment of recurrence
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x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

each routine oncologic follow-up visit

––––––––––––––––––––––––––––––––––––––––––––––––––––– UPGRADE-RT clinical trial protocol

Assessment of recurrence
If recurrence is suspected during follow-up, additional imaging by MRI, CT, PET or US with
FNAC will be performed whatever is judged necessary by the attending physician.
Examination under general anesthesia is performed if deemed necessary. All recurrences
must be confirmed by cytology or histology. Central evaluation will be done for all regional
recurrences in order to determine if the recurrence occurred in an electively irradiated
lymph node. The exact site of recurrence will be reconstructed by performing coregistration of the planning CT-scan with diagnostic imaging of the recurrence. All
recurrences in electively irradiated lymph nodes will be reported as a serious adverse
event since this is the safety endpoint of this trial.
Functional assessments
Salivary gland function will be evaluated in a part of the participating centers only.
Stimulated parotid and submandibular salivary flow rates (sialometry) will be measured
using techniques described previously[27, 28]. Samples of saliva collected with sialometry
will be analyzed for its composition (sialochemistry).
Swallowing function will be evaluated using the water swallowing test[29]. Additional
functional performance will be evaluated by the Performance Status Scale for Head &
Neck Cancer Patients (PSSH-HN)[16].
Thyroid gland function will be evaluated using standard blood analysis measuring the
thyroid stimulating hormone and free thyroxin.
Assessment of quality of life
For evaluation of general quality of life, the EORTC QLQC30and EORTC QLQ-H&N35
questionnaires will be used[30, 31]. Xerostomia related quality of life will be evaluated
using the Groningen Radiation Therapy Induced Xerostomia questionnaire (GRIX)[32] and
dysphagia related quality of life will be evaluated using the Swallowing Quality of Life
Questionnaire (SWAL-QOL)[33].
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Statistical analysis
All analyses concerning treatment effects will be done according to the intention to treat
principle. The student’s t-test will be used to compare ‘normalcy of diet’ scores at 1 year
after treatment, the primary endpoint of this trial. A Kaplan-Meier estimate will be
calculated for the actuarial rate of recurrence in electively irradiated lymph nodes at 2
years after treatment. Actuarial rates on recurrence and survival will be determined by the
date of histopathological diagnosis. Differences between the treatment arms will be
assessed using the log-rank test.
For each quality of life questionnaire, data will be included in the analysis if a patient filled
in the questionnaire at least at start and at one time-point during the study. Differences in
quality of life over time between the intervention- and control arm will be analyzed by
using a linear mixed model for repeated measurements. Difference in quality of life scores
шϭϬƉŽŝŶƚƐǁŝůůďe considered clinically relevant[34].
Safety assurance
After every 5 recurrences in electively irradiated lymph nodes, an interim analysis will be
performed following the ‘group sequential approach’ comparing the recurrence rate in the
two treatment arms[35]. The p-value for the log-rank test statistic will be compared to a
nominal ɲŽĨϬ͘042 at each interim analysis (i.e. critical value of 1.728) to ensure an overall
one-ƐŝĚĞĚɲŽĨϬ͘ϭ͘ For this calculation, it is assumed that accrual of 300 patients takes 4
years and that the vast majority of recurrences will be detected within 24 months.
A safety committee will be installed to undertake interim review of the trial safety. The
safety committee will consist of an independent statistician and two experienced radiation
oncologists in the field of head and neck cancer and will recommend on (dis)continuation
of the trial.
Quality assurance
In order to ensure quality and uniformity between centers, delineation, segmentation and
treatment planning guidelines are described in detail in the protocol. The study protocol
was discussed with the participating centers until consensus was reached. Prior to opening
inclusion, all participating centers will perform a dummy run in order to assess compliance
with the protocols. Also during inclusion, quality assurance by central review will occur
prospectively for the first 3 patients included at each participating center, and will occur
retrospectively for all included patients thereafter.
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Discussion
Ethics approval and consent to participate
This study will be conducted according to the ethical principles for medical research
involving human subjects as stated in the Declaration of Helsinki and in the ICH Good
Clinical Practice guidelines. Written informed consent will be obtained from all
participants included in the study prior to randomization. Patients will have the
opportunity to ask any questions he/she might have and will have sufficient time to
consider the implications of the study before deciding to participate.
Central ethical approval was provided for all 6 participating centers by the Committee on
Research Involving Human Subjects of the region Arnhem-Nijmegen and is registered
under number NL46354.091.15.
Funding
The Dutch Cancer Society (KWF) provided financing for clinical trial data management and
trial support (KUN 2015–7714). The subsidizing party is not involved in the collection,
analysis, and interpretation of data nor in writing the manuscript.
Current status
A total of 5 head and neck centers (or affiliated) will participate and include: the
Radboudumc Nijmegen, University Medical Center Utrecht, VU University Medical Center
Amsterdam, MAASTRO clinic Maastricht and Radiotherapiegroep Arnhem. The first
patient was included in august 2016 and accrual is expected to continue for 4 years.
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General discussion
Next to cure, preservation of organ function and quality of life (QoL) is the most important
goal of the treatment of patients with head and neck squamous cell carcinoma (HNSCC).
Modern multimodal diagnostic imaging approaches provide unprecedented accuracy for
the detection of small tumor depositions and extensions, with subsequent changes of
tumor burden in elective and gross tumor volumes (GTV). These target volume
transformations provide a ‘window of opportunity’ for de-intensification of treatment to
areas with minimal tumor burden without compromising tumor control[1]. This can be
achieved by introduction of the ‘gradient dose’ concept prescribing dose proportional to
tumor burden (with de-escalating dose to areas with low tumor burden), and by reducing
the extent of radiation target volumes (e.g. omitting elective treatment to areas with very
low prevalence of occult disease) (Chapter 1 and 2)[1].
The research detailed in this thesis focuses on the ‘gradient-dose’ concept and forms the
basis for the UPGRADE-RT trial, a multicenter randomized controlled trial evaluating the
safety and efficacy of this concept (Chapter 7)[2].

8

Implementation of the ‘gradient dose’ concept
Within the context of the ‘gradient dose’ concept, prescription of dose to lymph nodes
should ideally be performed per individual node on a continuous scale attuned to its
tumor burden. With perfect diagnostic imaging techniques, the tumor burden for each
individual node can be visualized and measured, facilitating the ultimate implementation
of a gradient dose prescription. This implies that the concept of elective irradiation of
complete nodal levels (large anatomical volumes of the neck that mainly consist of fatty
tissue embedding the complex network of lymphatic vessels and lymph nodes[3]) is
obsolete. Instead of complete nodal levels, only individual nodes harboring disease will be
irradiated with a specific dose corresponding to the nodal tumor volume. However,
current imaging techniques do not provide perfect accuracy in the detection of very small
nodal metastases. Therefore, implementation of the ‘gradient dose’ concept to its full
extent is currently not feasible.
Because very small nodal metastases will be missed with current diagnostic imaging
techniques, elective nodal irradiation is still considered necessary and only a partial
implementation of the ‘gradient dose’ concept can be evaluated in the UPGRADE-RT trial
(Chapter 7)[2]. Nodal tumor burden is estimated using a risk assessment algorithm based
on nodal size and metabolic activity as measured on 18F-fluorodeoxyglucose positron
emission tomography (FDG-PET). In the intervention-arm, dose to lymph nodes is
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prescribed based on this risk assessment, using an ordinal scale consisting of three dose
levels. Dose to high- and intermediate-risk lymph nodes is prescribed to individual nodes,
but dose to low-risk nodes is prescribed to the traditional anatomical nodal levels
encompassing these low-risk nodes (Chapter 7)[2].
In the early developmental phase of the UPGRADE-RT trial, a more extensive
implementation of the ‘gradient dose’ concept was considered by exploiting the
predictable drainage patterns of the cervical lymphatic system[4-6]. Based on the
topographical distribution and prevalence of metastases, a stepwise dose reduction to the
low-risk elective nodal levels was proposed (e.g. stepwise dose reduction to the primary,
secondary and tertiary draining nodal levels). However, this strategy was not
implemented, because exploratory radiation treatment planning demonstrated only
minimal benefit for normal tissue complication probability (NTCP) (e.g. salivary glands,
pharyngeal constrictor musculature) compared to treatment planning using a single lowrisk dose level. This was mainly caused by the caudal localization of the most de-escalated
dose levels (e.g. level III, IV, V) which are not in close proximity to most of these normal
tissues and thus limiting the possibility for additional sparing. At the same time, the
complexity of treatment would further increase as a result of the increasing number of
dose levels for delineation, dose assignment and treatment planning.
Nodal risk assessment and dose levels
How to estimate and define risk groups regarding nodal tumor burden, and what dose is
required to cure disease in these risk groups were key questions that needed to be
answered in the developmental phase of the UPGRADE-RT trial.
The reason for performing the UPGRADE-RT trial is to avoid overtreatment of small nodal
tumor deposits caused by imaging-induced target volume transformations (Chapter 2)[1].
As a result of improved diagnostic imaging, for example with molecular imaging using
FDG-PET, small tumor deposits can be detected in nodes that have a morphologic benign
appearance on anatomical imaging such as CT (Chapter 6)[1, 7]. When detected in current
practice, these nodes with relatively low tumor burden are treated with the highest boost
dose, while a lower intermediate dose may be sufficient to eradicate the disease[1]. Such
nodes should be identified for the intermediate risk group by using standardized criteria.
The work reported in Chapter 3 demonstrates an increased rate of recurrence in electively
irradiated nodes with increasing nodal volume, having a summed short- and long-axis
ĚŝĂŵĞƚĞƌ шϭϳŵŵ as an easily applicable alternative to volume[8]. The work reported in
Chapter 6 demonstrates that FDG-PET can identify such nodes because the recurrence
rate in electively irradiated nodes is less, and the pre-treatment size of these recurred
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nodes is smaller with FDG-PET assisted radiation treatment planning compared to CT
alone[7]. Because FDG-uptake reflects the number and metabolic activity of tumor cells, it
has the potential to differentiate between nodes with low, moderate and high tumor
burden. The work reported in Chapter 5 identified quantitative FDG-uptake thresholds to
identify nodes with an estimated moderate tumor burden, based on qualitative visual
interpretation by expert nuclear medicine physicians. By combining the previously
mentioned size criterion with these FDG-uptake thresholds, a nodal risk assessment
algorithm was created (Chapter 5). However, it must be noted that solid histopathological
evidence is lacking that supports the ability of FDG-PET to quantify nodal tumor burden in
the relevant range of small nodal tumor deposits. There is also no histopathological
evidence, demonstrating the accuracy of this nodal risk assessment algorithm or
quantification of tumor burden corresponding with the various risk groups. Because of the
lack of histopathological validation, readings from expert nuclear medicine physicians
form the basis of nodal staging and treatment recommendations in daily clinical practice
and might therefore be considered as the best affirmation currently available. A major
advantage of the risk assessment algorithm is the elimination of interobserver variation in
nodal evaluation (except for small variations in nodal measurement and delineation of the
internal standard). Indeed, in current clinical practice, readings of FDG-PET imaging by
means of qualitative visual interpretation is prone to interobserver variation (Chapter 5).
Especially in the context of this multicenter clinical trial, reproducible evaluation and
treatment of nodes between centers is of importance for a meaningful interpretation of
study results.
The dose level for the low-risk elective nodal target volume may also be de-escalated
because the occult tumor burden is likely to be less as a consequence of the improved
detection of small tumor deposits in lymph nodes[1]. Based on the work of Withers et al.,
radiobiologic models describing the dose-response relationship for radiotherapy of occult
disease are presented in Chapter 2[1, 9, 10]. These models give an indication of the dose
required to achieve control of occult disease with variable size of tumor deposits and
variable prevalence of occult disease in a population[1]. Based on these models, an
elective dose of 34-36Gy (EQD2) may be sufficient to achieve control of occult disease in
the present time, which will be investigated in the UPGRADE-RT trial[1]. It must be noted
that there is no solid evidence to support this theoretically derived dose-response
relationship for radiotherapy of occult disease. Also, evidence is lacking for the likelihood
of tumor eradication in elective areas with undetected tumor deposits below a certain size
thresholds. Results from the UPGRADE-RT study will provide more insight regarding these
previously mentioned matters. Although tumor burden is an important variable to predict
the probability of tumor control, it is certainly not the only one. Variations in patient
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related factors, etiology, microenvironment and biological properties of the tumor,
immunologic aspects and therapeutic agents are also known to result in variations in
radiosensitivity[11, 12].
Dose fractionation scheme
With advanced conformal dose delivery techniques, such as intensity modulated
radiotherapy (IMRT) and volumetric arc therapy (VMAT), it is standard of care to deliver
multiple dose levels in a single fraction by using a simultaneous integrated boost
technique (SIB)[13, 14]. Because the boost dose is delivered in fractions of 2Gy, the dose
to the elective nodal target volume will consequentially be delivered in smaller fractions
(e.g. 70/54Gy in 35 fractions of 2.0/1.54Gy). However, there is a gradual decrease in
radiation effectiveness with lower doses per fraction as illustrated by the ‘shoulder’ in the
linear-quadratic cell survival model but also as a result of accelerated repopulation with
increasing overall treatment time (OTT) [15, 16]. As a result, a higher total radiation dose
is required to achieve an iso-effective response to radiotherapy (e.g. 54Gy in 35 fractions
of 1.54Gy has a iso-effective response of 46Gy in 2Gy fractions) (calculated using ɲͬɴ с
10Gy for tumor and 0.6Gy per day to compensate for tumor repopulation during
differences in OTT). Especially in the context of elective dose de-escalation, this ‘dose
penalty’ to achieve an iso-effective response is disadvantageous because it diminishes the
gain of dose reduction (i.e. the iso-effective response decreases faster than the total dose
needed to achieve this response). Especially for the probability of late radiation sequelae
in head and neck cancer, the mean total dose to normal tissues is of importance,
emphasizing the need to keep the prescribed elective dose as low as possible[17-21].
Additionally, as a result of steep dose gradients with highly conformal dose delivery
techniques, prescribing a low dose per fraction to target volumes may result in very low
doses per fraction in adjacent normal tissues (<0.5Gy per fraction). Albeit a low total dose,
low doses per fraction (0.2-0.5Gy) could theoretically hamper the reduction of late
radiation sequelae because of hyper-radiosensitivity[22]. Sequential delivery of the boost
dose can also be performed, having the advantage that the elective nodal target volume
can be treated with 2Gy fractions in shorter time, resulting in a low total dose delivered.
However, it was demonstrated that dose conformality and dose to normal tissues could be
markedly improved using SIB techniques compared to sequential planning[23].
In the developmental phase of the UGPRADE-RT trial, several dose fractionation schemes
and treatment regimens were considered. The aim was to minimize the total dose that
was required to be delivered to the low-risk nodal target volume in order to warrant the
desired iso-effective dose. Key elements to achieve this goal were reduction of the OTT by
accelerated fractionation and mild hypofractionation by increasing the dose per fraction.
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A candidate dose fractionation scheme was to deliver 66/42Gy in 30 fractions of 2.2/1.4Gy
in an OTT of 5 weeks (6 fractions per week) resulting in an equivalent dose in 2Gy fractions
(EQD2) of 74/36Gy. However, the combination of acceleration and hypofractionation
raised concerns regarding severe toxicity because the iso-effective dose could rapidly
increase due to the linear-quadratic dose-effect relationship in case of higher doses per
fraction in hotspots (i.e. double trouble)[24]. Prior to opening inclusion, the dose
fractionation scheme was changed by increasing the number of fractions to 33 and
lowering the dose per fraction to 2.0/1.27Gy. The total dose prescribed and the OTT
remained unchanged. Consequentially, acceleration was intensified by delivering 6
fractions per week during the first 4 weeks and 9 fractions in the last week (i.e. 4 days BID
treatment). Inclusion of patients in the UPGRADE-RT trial started in august 2016 using this
dose fractionation scheme.
Approximately one year after the trial started, recruitment was temporarily suspended
because there were signs of higher laryngeal toxicity rates than expected. In total, 25/38
included patients had laryngeal or hypopharyngeal tumors, of whom 19 had finished
treatment >3 months. Analysis of laryngeal toxicity demonstrated that 16% (3/19)
presented with perichondritis (grade 2-ϯͿ;ŶсϮͿŽƌĐŚŽŶĚƌŽŶĞĐƌŽƐŝƐ;ŐƌĂĚĞϰͿ;ŶсϭͿ, while
approximately 7% was expected with accelerated radiotherapy delivering the same dose
in 5.5 weeks instead of 5 weeks[25]. There is a precarious balance in accelerated
radiotherapy between OTT and increasing late toxicity with a limit of reduction of OTT
around 5.0-5.5 weeks[26]. This can be explained by incomplete repair of DNA damage,
and by consequential late effects. For laryngeal toxicity, repair half-life times of 4.9 hours
(95% confidence interval: 3.2-6.4 hours) are reported[27]. Especially in the 4 days BID
ƚƌĞĂƚŵĞŶƚ ;шϲ ŚŽƵrs between fractions), unrepaired damage could have been
accumulating, resulting in a higher iso-effective dose than was accounted for. Moreover,
as a result of substantial treatment acceleration, acute toxicity could have been so severe
that it was unable to heal completely, contributing to additional damage to normal tissues
with consequential late effects[28]. An amendment to the study protocol was made to
modify the dose fractionation schedule. The OTT was increased to 5.5 weeks delivering a
maximum of 6 fractions per week. Consequentially, increasing the number of fractions and
the total prescribed dose was required to achieve an comparable antitumoral effect
(68/43Gy in 34 fractions of 2.0/1.26Gy). The Ethical Review Committee approved the
amendment and recruitment was resumed after a one month suspension. To date, no
excess of laryngeal toxicity has been observed using this dose fractionation schedule.
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Emerging evidence on de-escalation of the elective dose
One strategy to implement de-intensification of treatment to areas with minimal tumor
burden is by introducing the FDG-PET guided ‘gradient dose’ concept as has been detailed
in this thesis[1]. Although, the UPGRADE-RT trial is the only randomized controlled trial
evaluating safety and toxicity of the ‘gradient dose’ concept in head and neck cancer
patients to date, promising results of studies on de-escalation of the elective radiation
dose have been published since the UPGRADE-RT trial started inclusion of patients.
To date, there is only one randomized multicenter trial on de-escalation of radiation dose
to the elective nodal target volume in HNSCC. Nevens et al. randomized a total of 200
patients to be treated with definitive (chemo)radiotherapy ƚŽƐƚĂŶĚĂƌĚ;YϮсϱϬ'ǇͿŽƌ
de-escalated elective dose ;YϮ с ϰϬ'Ǉ)[29]. The median follow-up was 34.3 months.
The primary endpoint of the study was dysphagia measured 12 months after treatment
according to the RTOG-EORTC late toxicity scoring. At 6 months after treatment, a trend
towards less dysphagia was observed in the 40Gy arm ;ƉсϬ͘ϬϲͿ ďƵƚ not at 12, 18 or 24
months. However, the ability of the trial to assign outcome difference to the intervention
of dose de-escalation alone was potentially compromised, because additional dose
constraints were set to the swallowing apparatus in the 40Gy arm[30]. Furthermore, the
dysphagia outcome scale of the RTOG-EORTC late toxicity scoring is quite crude (e.g.
ability to eat solid vs. semi-solid vs. only liquid foods) and may therefore be unable to
detect more subtle differences. The primary endpoint of the UPGRADE-RT trial is also
dysphagia, but measured on a more detailed “normalcy of diet” scale from the
performance status scale for patients with head and neck cancer (PSS-HN)[31]. The
‘normalcy of diet’ scale has 10 steps between 0 (enteral nutrition) and 100 (full diet
without restrictions), with higher scores indicating less food modification. A secondary
endpoint in the trial of Nevens et al. was safety. The rate of recurrence in the elective
nodal target volume was not significantly different between treatment arms, and occurred
in 2.1% (2/96) in the 40Gy arm versus 1.0% (1/97) in the 50Gy arm. Although more
regional recurrences were observed ŝŶ ƚŚĞ ϰϬ'Ǉ Ăƌŵ ;ϭϯй ǀĞƌƐƵƐ ϲй͖ ƉсϬ͘ϬϴͿ, overall
survival was not affected ;ƉсϬ͘ϳϯͿ͘The trial was criticized, because the dose fractionation
schedule was not standardized, resulting in a wide variety of schedules that was used
between the two dose groups[30, 32]. Inaccuracies in iso-effective dose calculations may
compromise the potential of the trial to attribute outcomes to differences in the
prescribed dose. Moreover, approximately 60% of the patients received concurrent
platinum based chemotherapy, potentially compensating for a (too) low elective radiation
dose because of its radiosensitizing effect.
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The same group also published results of a separate prospective cohort consisting of 233
patients with HNSCC, all treated with definitive (chemo)radiotherapy using a de-escalated
ƌĂĚŝĂƚŝŽŶĚŽƐĞƚŽƚŚĞĞůĞĐƚŝǀĞŶŽĚĂůƚĂƌŐĞƚǀŽůƵŵĞ;YϮсϰϬ'ǇͿ[33]. The 2-year actuarial
rate of recurrence in the elective nodal target volume was 3.9% (95% CI: 1.8-6.0) which is
very similar to our own findings in patients treated with a slightly higher elective dose
;YϮ с ϰϱ'ǇͿ (Chapter 3 and 6) [7, 8]. Also in line with our findings, 60-70% of the
recurrences in the elective nodal target volume occurred synchronously with local
recurrence of the primary tumor (Chapter 6)[7]. Therefore, the observed rate of
recurrence in the elective nodal target volume should be considered as a worst case
scenario, because a significant proportion of these recurrences are potentially new nodal
manifestations from the synchronous local recurrent tumor.
De-escalation of dose to the elective nodal target volume below the iso-effective dose of
40Gy has been investigated by Maguire et al[34]. They used an elective dose level of 36Gy
(EQD2), which is similar to the dose prescribed in the UGPRADE-Zd ƚƌŝĂů ;YϮ с ϯ4Gy).
Maguire et al. studied a prospective cohort consisting of 54 patients with locally advanced
HNSCC to be treated with definitive (chemo)radiotherapy. Approximately, 57% of these
patients had human papillomavirus (HPV) positive oropharyngeal cancers which are more
radiosensitive and thus have a more favorable prognosis. Using a sequential boost
technique (IMRT), a dose of 36Gy (18x2Gy) was delivered to the elective nodal target
volume. After a median follow-up of 36 months for surviving patients, no recurrences in
the elective nodal target volume were observed.
Despite some methodological limitations of the previously discussed studies, all report
very low rates of recurrence in the elective nodal target volume after treatment with deescalated elective radiation dose[29, 33, 34]. These results are encouraging for the
evaluation of safety in the UPGRADE-RT trial and advocate its continuation. Moreover,
FDG-PET/CT assisted radiation treatment planning is associated with lower rates of
recurrence in the elective nodal target volume (Chapter 6)[7]. In contrast to the UPGRADERT trial, where FDG-PET/CT is acquired in all patients, this was only performed in a small
proportion of patients included in the previously discussed studies[29, 33, 34].
Emerging evidence on selective neck irradiation
Another strategy to implement de-intensification of treatment to areas with minimal
tumor burden is by reducing the extent of the elective nodal target volume (e.g. selective
neck irradiation)[1]. A promising approach on this subject is investigated by the SUSPECT-1
study, which prospectively investigates lymph drainage mapping by SPECT/CT to guided
selective neck irradiation[35]. A total of 55 patients with stage cT1-3N0-2b SCC of the
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oropharynx, larynx and hypopharynx not crossing the midline and planned for definitive
(chemo)radiotherapy were included. Analogous to the sentinel node procedure,
radioactive nanocolloid was injected at multiple sites in the primary tumor. Approximately
4 hours after administration, mapping of the lymph drainage was performed by SPECT/CT
imaging. Elective irradiation of the neck was performed unilateral only in case of ipsilateral
drainage. For cases also having drainage to one contralateral area, this involved nodal
level was also included in elective irradiation. Bilateral elective irradiation was performed
in all other cases. Lymphatic drainage was successfully visualized in 98% (54/55) with 76%
(42/55) of the patients receiving unilateral irradiation. A comparative radiation treatment
planning study was performed for the default bilateral neck irradiation versus SPECT/CT
guided selective neck irradiation to estimate differences in late toxicity by using NTCP
models[36]. Median absolute NTCP reductions for xerostomia, contralateral parotid
function, dysphagia, hypothyroidism and laryngeal edema were 20%, 14%, 10%, 20% and
5% respectively. While data matures, the observed oncologic and toxicity outcomes of
patients treated within the SUSPECT-1 study are awaited. Recently, the SUSPECT-2 trial
has started inclusion of patients. Different from the SUSPECT-1 trail is that the
contralateral sentinel node (if present) will be histopathologically examined. In case of a
negative contralateral sentinel node, ipsilateral irradiation will be performed[37].
For the UPGRADE-RT trial, a comparative radiation treatment planning study was also
performed to estimate differences in late toxicity between the intervention- and controlarm ;ŶсϭϬ) (unpublished data). Mean absolute NTCP reductions for contralateral
submandibular and parotid gland function, dysphagia and hypothyroidism were 8%, 5%,
4% and 15% respectively. Obviously, the largest reduction of NTCP can be achieved with
unilateral neck irradiation compared to bilateral neck irradiation with dose de-escalation
following the UPGRADE-RT protocol. However, there is a stringent selection of patients
potentially eligible for unilateral irradiation in the SUSPECT protocols (based on TNMstage, approximately two thirds of all patients with oropharyngeal laryngeal or
hypopharyngeal SCC are eligible, but additionally excluding all patients with midline
crossing tumors)[38], while virtually all patients are eligible for dose de-escalation in some
extent when following the UPGRADE-RT protocol. Obviously, for both approaches, the
biggest reduction of NTCP can be achieved in early stage disease with no or a low number
of nodal metastases. Finally, it must be emphasized that both approaches are
complementary to each other. It is plausible that the combination of both approaches will
achieve the largest reduction of NTCP. This could be a next topic for clinical research when
oncologic safety has been demonstrated for both individual approaches.
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Future perspectives
The UPGRADE-RT trial started recruitment in August 2016 and the last patient is expected
to be recruited 5 years later (around August 2021). After completing the 2 year follow-up
period, final data analysis can be performed (around August 2023). The data generated by
the UPGRADE-RT trial will demonstrate, if this implementation of the ‘gradient-dose’
concept with dose de-escalation to lymph nodes with minimal tumor burden is safe and if
it reduces the overall burden of treatment in terms of reduced toxicity and improved
quality of life. Moreover, the nodal risk assessment algorithm and radiation dose levels
may be refined based on analysis of nodal parameters such as size, dose, FDG-uptake and
recurrence. Anticipating outcomes, if safety of the ‘gradient-dose’ concept is
demonstrated, this should lead to a change in clinical practice. It should become the new
standard of care, even in case the trial fails to demonstrate benefit in terms of toxicity or
quality of life, because a comparable oncologic outcome could be achieved with lower
radiation doses (“ALARA” principle: as low as reasonably achievable). For future research,
it is questionable if further de-escalation of the elective dose within the current
implementation of the ‘gradient dose’ concept should be explored. Based on the
radiobiologic models detailed in Chapter 2, treatment of occult disease with doses below
30Gy (EQD2) is expected to compromise oncologic outcomes, unless tumor deposits are at
the sub-millimeter level[1]. Accurate detection of nodal metastases of this size seems
unlikely in the near future.
Current developments in diagnostic imaging may provide opportunities for a more
sophisticated implementation of the ‘gradient dose’ concept. More modern PET/CT
systems with new technologies appear in the field, introducing new acquisition and
reconstruction technologies with increased detectability of small lesions[39]. To include
the increased contrast recovery capabilities of these systems, EARL is currently carrying
out a feasibility study aiming at redefining the accreditation criteria[39]. With an increased
spatial resolution of EARL accredited FDG-PET imaging, the threshold and accuracy for the
detection of small nodal metastases will be further improved, facilitating a more extensive
implementation of the ‘gradient dose’ concept. Moreover, of special interest is ultra-small
superparamagnetic iron-oxide nanoparticle (USPIO)-enhanced magnetic resonance
imaging (MRI). After intravenous administration, the iron-oxide nanoparticles are
transported through the lymphatic circulation into lymph nodes[40]. Nodal macrophages
phagocytose and degrade the iron-oxide nanoparticles, resulting in a loss of signal
intensity of the node on T2-weighted MRI[41]. However, at the site of nodal metastatic
tumor deposits, macrophages are displaced which prevents uptake of the nanoparticles.
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This results in a high signal on MRI at the site of the tumor deposit, and thus nodal
metastases can be detected independently of lymph-node size. Not surprisingly, a metaanalysis demonstrated high sensitivity (89%) and specificity (98%) for the detection of
nodal metastases in HNC[42]. Because this technique enables direct visualization of the
tumor deposit within the node, nodal tumor burden can be assessed more reliably. A high
correlation was demonstrated between the area of high-signal intensity and the size of
the metastases at histopathological examination for nodal tumor deposits >2mm[43]. In
the context of the ‘gradient dose’ concept, USPIO-enhanced MRI potentially enables
prescription of radiation dose to individual nodes attuned to the detected tumor burden
within the node. However, dissemination of this technology is limited because there are
currently no commercially available USPIO-based agents.
Other interesting treatment approaches for future research are those combining the
‘gradient dose’ concept with selective neck irradiation. To guide selective neck irradiation,
visualization of the tumors draining nodal stations by lymphatic mapping is required. This
can be achieved by intratumoral injection of a tracer, which is transported by the
lymphatic system to its draining nodal stations. For example, when using a radioactive
nanocolloid tracer, imaging of the draining nodal stations can be performed by SPECT/CT.
Based on this imaging, it is currently being investigated if elective irradiation can be safely
omitted for areas that do not receive lymphatic drainage of the primary tumor[35].
However, areas with lymphatic drainage do not necessarily contain disease. Determining
nodal status of the first draining lymph node(s) by histopathological examination (i.e. the
sentinel node procedure) can be predictive for nodes in the next echelon levels. A high
sensitivity and negative predictive value of the sentinel node (SN) procedure in the
detection of nodal metastases in head and neck cancer patients has been demonstrated in
meta-analyses[44, 45]. In patients with SCC of the oral cavity, omitting elective neck
dissection in case of a negative SN has already been investigated and is considered
standard clinical practice[46]. Analogously, elective neck irradiation may also be safely
omitted with negative SN for other tumor sites in the head and neck area that have
radiotherapy as primary treatment modality. Albeit only for the contralateral neck, it is
currently being investigated if elective irradiation can be safely omitted in case of a
histopathologically negative SN, identified by lymphatic mapping using SPECT/CT[37].
As an alternative to radioactive nanocolloid, SPIO can also be used as interstitial tracer to
perform lymphatic mapping and sentinel node detection by MRI[47, 48]. Comparable
performance of SPIO compared to traditional approaches in sentinel node detection has
been demonstrated in a meta-analysis[49]. A major advantage of this technique is that
excision of the sentinel node can potentially be omitted because evaluation of malignant
content can be performed on MRI instead of histopathologically. Thus far, limitations in
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spatial resolution of MRI and high concentrations of SPIO in the sentinel node may
hamper the detection of micro metastases ;чϮŵŵͿ[50]. However, procedural and
technological improvements may solve these issues in the near future, enabling selective
neck irradiation that is solely guided by SPIO-enhanced MRI of (sentinel) nodes.
Ultimately, with further perfection of diagnostic imaging, only metastatic nodes will be
irradiated and dose to such nodes will be attuned to its individual tumor burden. Elective
irradiation of large anatomical areas as it is currently performed becomes obsolete and
will be abandoned.
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Summary
The research described in this thesis forms the basis for the UPGRADE-RT trial.
The UPGRADE-RT trial is a multicenter randomized controlled trial evaluating the safety
and efficacy of the FDG-PET guided ‘gradient-dose’ prescription concept in curative
radiotherapy for head and neck squamous cell carcinoma (HNSCC).
Chapter 1 and 2 describe the background and implementation methods of the ‘gradientdose’ prescription concept in curative (chemo)radiotherapy (CRT) for HNSCC. Current
radiation dose prescription practice in curative CRT for HNSCC generally consists of two
dose levels and is based on the distinction of macroscopic- and microscopic disease (i.e.
tumor deposits that can or cannot be detected by diagnostic imaging). The current
prevailing dose levels for macroscopic disease (70 Gy in 2 Gy fractions) and for elective
nodal treatment (45–50 Gy in 2 Gy fractions) were empirically determined in the 1950s,
and have not changed ever since.
However, technological developments and multimodal imaging approaches have
significantly improved the detection threshold of small tumor deposits and extensions. As
a result, small tumor deposits and extensions that remained subclinical in the past and
were included in the clinical target volume (CTV), are nowadays detected and added to
the gross tumor volume (GTV). As such, this leads to changes in tumor burden in various
radiation target volumes and has implications for the radiotherapy dose prescribed to
these volumes. The consequences of these target volume transformations are the
following. First, small nodal metastases and tumor extensions are nowadays detected and
irradiated with the boost-dose. For such low tumor burden, the boost-dose is presumably
unnecessarily high. Second, the CTV will nowadays contain less tumor burden because
smaller nodal metastases and tumor extensions are detected. The dose to the CTV is
therefore also likely to be higher than necessary. Irradiation of areas with a decreasing
tumor burden using an unnecessarily high radiation dose can be considered as
overtreatment. Because the radiation dose required to achieve tumor control is directly
dependent on tumor burden, this overtreatment can be addressed by replacing the
current ‘two-dose-level’ concept by a ‘gradient-dose’ concept in which dose is prescribed
proportional to tumor burden. Quantitative functional imaging with FDG-PET can help to
guide such ‘gradient-dose’ prescription, because FDG-uptake reflects the number and
metabolic activity of tumor cells, and thus tumor burden.
In the FDG-PET guided ‘gradient-dose’ prescription concept, radiation treatment will be
increasingly individualized by the following interventions. The highest radiation dose will
be delivered to areas with high tumor burden, identified by FDG-PET based segmentation.
155
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A slightly de-escalated dose gradient will be delivered toward the edges of the CTV that
surround the GTV. An intermediate dose will be delivered to lymph nodes with lowvolume macroscopic disease, and a de-escalated dose will be delivered to the elective
nodal target volume. This approach is expected to result in lower volumes of healthy
tissues being irradiated to unnecessarily high doses, while maintaining tumor control. The
ultimate goal is to minimize treatment related toxicity and to improve quality of life (QoL).
The safety and efficacy of the FDG-PET guided ‘gradient-dose’ prescription concept is
prospectively evaluated in the randomized controlled UPGRADE-RT trial.
Chapter 3 provides a comprehensive risk assessment on the patterns of recurrence in the
elective nodal target volume after curative intensity modulated radiation therapy (IMRT)
for HNSCC. In 264 patients, the exact sites of regional recurrences were reconstructed by
performing co-registration of the diagnostic imaging localizing the recurrence with the
initial radiation treatment planning CT-scan. The actuarial rate of recurrence in the
elective nodal target volume at 2 years was 5.1%. This rate serves as a reference for
evaluation of safety in the UPGRADE-RT trial.
Based on the results reported in Chapter 3 and 5, a risk assessment algorithm was defined
for standardized evaluation of lymph nodes based on the estimated nodal tumor burden.
This risk assessment algorithm is used in the interventional treatment arm of the
UPGRADE-RT trial to select nodes for treatment with elective-, intermediate- or high-dose.
In Chapter 3, volumetric analysis of 1166 nodes in the elective nodal target volume
demonstrated an increased risk of recurrence with increasing nodal volume (hazard ratio:
3.1; p<0.001). Receiver operating characteristic analysis demonstrated that the summed
long- and short-axis diameter is a good alternative for laborious volume calculations, using
ш17 mm as cut-off to identify nodes with an increased risk of recurrence after elective
irradiation with the traditional elective dose of 45 Gy (equivalent dose in 2 Gy fractions =
EQD2) (hazard ratio: 17.8; p<0.001). However, a relevant proportion of nodes with a
ƐƵŵŵĞĚ ĚŝĂŵĞƚĞƌ ш17 mm are false positive. Because FDG-uptake reflects the number
and metabolic activity of tumor cells, and thus tumor burden, FDG-PET has the potential
to discriminate between nodes with low-, moderate- or high tumor burden.
In Chapter 5, qualitative visual analysis of 101 lymph nodes on the FDG-PET scans of 12
patients with HNSCC was performed by 2 expert nuclear medicine physicians. The
likelihood of containing metastatic tumor burden was scored on a 4-point scale
(1–definitely benign, 2–possibly benign, 3–possibly malignant, 4–definitely malignant).
Nodes with a presumed high- (‘4–definitely malignant’) and moderate- tumor burden
(3–possibly malignant) had a maximum FDG-uptake шϮ͘Ϭ and шϭ͘ϱ respectively. A nodal
risk assessment algorithm for standardized evaluation of lymph nodes based on the
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estimated nodal tumor burden was defined by combining the FDG-uptake thresholds with
the previously mentioned nodal size criterion.
Because nodal FDG-uptake is a decisive parameter in the risk assessment algorithm for
dose prescription to lymph nodes, reproducibility of quantitative FDG-PET data is of
utmost importance in the multicenter UPGRADE-RT trial. Reproducibility of quantitative
FDG-PET data such as the standardized uptake value (SUV) can be improved by
normalization with an internal, image-derived standard (i.e. tumor to background ratio).
In Chapter 4, the cervical spinal cord is investigated as an internal standard that is within
the field of view of the radiation treatment planning FDG-PET/CT-scan in HNSCC.
Bland–Altman analysis demonstrate that the use of the tumor to cervical spinal cord
standardized uptake ratio (SUR) instead of SUV improves the reproducibility of a
segmentation model to determine the metabolic tumor volume (MTV) on FDG-PET/CT in a
multicenter cohort consisting of 95 patients with HNSCC. The results were confirmed in an
independent multicenter validation dataset consisting of 62 patients. In the UPGRADE-RT
trial, the SUR will be used instead of SUV for evaluation of quantitative FDG-uptake in the
nodal risk assessment algorithm. Moreover, the SUR-based segmentation model is used to
identify the MTV of the primary tumor, demarcating the area with the highest tumor
burden. The highest boost-dose will be delivered to these areas.
Based on the work reported in Chapter 2 and 3, dose levels were selected for the
treatment of lymph nodes in the interventional study arm of the UPGRADE-RT trial.
The radiobiologic models described in Chapter 2 give an estimation of the dose required
to eradicate microscopic nodal disease of various size and prevalence in the population.
Based on the estimated detection threshold and prevalence of occult disease with current
multimodal diagnostic imaging approaches, an elective dose of approximately 34-36 Gy
(EQD2) is expected to achieve a 95% control rate. This dose is prescribed to low-risk lymph
nodes in the study arm of the UPGRADE-RT trial.
Analysis of 1166 electively irradiated lymph nodes in Chapter 3 demonstrated that,
irrespective of nodal size, nŽ ƌĞĐƵƌƌĞŶĐĞƐ ŽĐĐƵƌƌĞĚ ŝŶ ŶŽĚĞƐ ƌĞĐĞŝǀŝŶŐ Ă ĚŽƐĞ ш ϲϬ 'Ǉ
(EQD2). This dose is prescribed to intermediate-risk lymph nodes in the study arm of the
UPGRADE-RT trial.
The work reported in Chapter 6 provides clinical evidence of the impact of target volume
transformation on radiation treatment outcomes. A total of 633 patients treated for
HNSCC with definitive (chemo)radiotherapy using IMRT/VMAT techniques were
retrospectively analyzed. A FDG-PET/CT in treatment position was acquired in 46% of the
patients. The exact sites of regional recurrences were reconstructed by performing coregistration of the diagnostic imaging localizing the recurrence with the initial treatment
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planning scan. Nodes identified on the initial planning scan at the exact same position of
the regional recurrence had a significantly smaller volume in patients with FDG-PET versus
CT-only (median: 0.46 cc versus 1.02 cc, p<0.001) and illustrates the improved detection of
small nodal metastases by FDG-PET. Multivariate Cox regression analysis demonstrated a
significantly increased regional control in the elective nodal target volume (HR: 0.33,
p=0.026), overall regional control (HR: 0.62, p=0.027) and overall survival (HR: 0.71,
p=0.033) in patients with FDG-PET versus CT-only for radiotherapy planning.
Finally, in Chapter 7, all the evidence provided by the research described in this thesis is
consolidated in the clinical trial protocol of the UPGRADE-RT trial. In total, 300 patients
with stage II-IV oropharyngeal, laryngeal and hypopharyngeal SCC will be randomized
(ratio 2:1) to gradient dose prescription or to traditional dose prescription, irrespective of
HPV-status. A FDG-PET/CT will be acquired for radiation treatment planning in all patients.
In the intervention-arm, nodes are selected for treatment with an intermediate dose level
of 60 Gy (EQD2) based on the previously mentioned risk-assessment algorithm using nodal
size and FDG-uptake. Dose to the elective neck is de-escalated to 35 Gy (EQD2) versus 45
Gy (EQD2) in the control-arm. Dose to gross tumor will be 73 Gy (EQD2) in both treatment
arms and will be identified by the previously mentioned FDG-PET based segmentation
model. The primary outcome of the trial is dysphagia measured using a ‘normalcy of diet’
score. The secondary outcome is safety, evaluating the number of recurrences in elective
nodal target volume. Other outcomes are acute and late toxicity, and quality of life.
The UPGRADE-RT trial started recruitment in August 2016 and the last patient is expected
to be recruited 5 years later (around August 2021). After completing the 2-year follow-up
period, final data analysis can be performed (around August 2023). The data generated by
the UPGRADE-RT trial will demonstrate if this implementation of the ‘gradient-dose’
concept is safe and if it reduces the overall burden of treatment in terms of reduced
toxicity and improved quality of life. Moreover, the nodal risk assessment algorithm and
radiation dose levels may be refined based on the results of the trial.
Ultimately, with further perfection of diagnostic imaging, only metastatic nodes will be
irradiated and dose to such nodes will be attuned to its individual tumor burden. Elective
irradiation of large anatomical areas as it is currently performed becomes obsolete and
will be abandoned.
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Samenvatting
De onderzoeken gebundeld in dit proefschrift vormen de basis voor de UPGRADE-RT
studie. De UPGRADE-RT studie is een gerandomiseerd multicenter onderzoek naar
FDG-PET gestuurde graduele dosis prescriptie bij primaire radiotherapie (RT) van
plaveiselcelcarcinoom (PCC) in het hoofd-hals gebied. Met deze studie wordt beoogd om
late toxiciteit te verminderen en zo kwaliteit van leven te verbeteren zonder dat dit ten
koste gaat van de genezingskans. Het doel van de studie is dan ook evaluatie van het
toxiciteitsprofiel en de veiligheid van FDG-PET gestuurde graduele dosis prescriptie.
Hoofdstuk 1 en 2 beschrijven de achtergrond en methoden ter implementatie van
graduele dosis prescriptie bij primaire (chemo)radiotherapie (C)RT van PCC in het hoofdhals gebied. Bij primaire (C)RT van hoofd-halstumoren worden doorgaans 2 dosis-niveaus
voorgeschreven. Dit is gebaseerd op het onderscheid tussen macroscopische en
microscopische manifestatie van ziekte (tumor welke respectievelijk wel of niet met
diagnostische beeldvorming gedetecteerd kan worden). De huidige gangbare dosis voor
macroscopische ziekte is 70 Gy (equivalente dosis in fracties van 2 Gy = EQD2) (boost
dosis), en voor electieve behandeling van lymfeklieren met vermeende microscopische
ziekte is dit 45-50 Gy (EQD2) (electieve dosis). Deze dosisniveaus zijn bepaald in de jaren
’50 van de vorige eeuw en zijn sindsdien nooit meer veranderd. Sinds die tijd zijn er echter
wel nieuwe diagnostische beeldvormende technieken gekomen waardoor beduidend
kleinere uitzaaiingen in lymfeklieren juist wel gedetecteerd kunnen worden. Dit heeft
gevolgen voor de behandeling. Ten eerste worden uitzaaiingen in lymfeklieren die vroeger
niet gedetecteerd werden en dus behandeld werden met de electieve dosis, tegenwoordig
wel gedetecteerd en behandeld met de boost dosis. Het is aannemelijk dat de boost dosis
onnodig hoog is om deze relatief kleine uitzaaiingen te genezen. Ten tweede bevatten
lymfeklieren tegenwoordig minder microscopische ziekte omdat er immers kleinere
uitzaaiingen juist wel gedetecteerd worden. Derhalve is het aannemelijk dat de electieve
dosis die stamt uit de jaren ’50, in de huidige tijd onnodig hoog is. Behandeling van ziekte
met een onnodig hoge dosis kan beschouwd worden als overbehandeling. Dosis-response
modellen tonen dat de dosis die nodig is om kleine uitzaaiingen te genezen direct
afhankelijk is van het aantal tumorcellen en dus van de grootte van de uitzaaiing. Derhalve
kan de huidige overbehandeling ongedaan gemaakt worden door het traditionele tweetal
dosisniveaus los te laten, en dosis gradueel voor te gaan schrijven op geleide van de
grootte van de uitzaaiing. Kwantitatieve functionele beeldvorming met FDG-PET kan een
graduele dosis prescriptie sturen omdat FDG-opname onder andere de metabole activiteit
en het aantal tumorcellen reflecteert.
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Met FDG-PET gestuurde graduele dosis prescriptie zal RT toenemend geïndividualiseerd
kunnen worden door het toepassen van de volgende interventies. De hoogste dosis zal
gegeven worden op gebieden met de hoogste densiteit tumorcellen. Deze gebieden
worden gemarkeerd door middel van FDG-PET segmentatie van de primaire tumor.
Rondom dit gebied zal de dosis gradueel verlaagd worden om microscopische uitbreiding
te behandelen. Een nieuw tussenliggend dosisniveau zal geïntroduceerd worden voor
lymfeklieren met kleine macroscopische uitzaaiingen. Tot slot zal de electieve dosis voor
lymfeklieren met vermeende microscopische ziekte verlaagd worden. Verwacht wordt dat
met deze aanpak de dosis op gezonde weefsels lager zal zijn waardoor er minder late
toxiciteit en een betere kwaliteit van leven na behandeling zal zijn, zonder dat dit ten
koste gaat van de genezingskans. Deze hypothese wordt in de multicenter
gerandomiseerde UPGRADE-RT studie getoetst.
Hoofdstuk 3 beschrijft de resultaten van een analyse naar recidief in electief bestraalde
lymfeklieren in 243 patiënten die primair behandeld zijn met moderne bestralingstechnieken (IMRT/VMAT) voor PCC in het hoofd-halsgebied. De exacte locatie van elk
regionale recidief in relatie tot de gegeven radiotherapie werd bepaald door de
diagnostische scans waarop het recidief vastgesteld werd te co-registreren met de initiële
RT planning CT-scan. De actuariële kans op recidief in electief bestraalde lymfeklieren 2jaar na behandeling is 5.1%. Deze recidiefkans vormt de referentie voor evaluatie van
veiligheid in de UPGRADE-RT studie.
Op basis van de resultaten beschreven in hoofdstuk 3 en 5 is een algoritme gedefinieerd
om het tumorvolume in lymfeklieren op een systematische manier in te schatten. Dit
algoritme wordt in de studie-arm van de UPGRADE-RT studie gebruikt om lymfeklieren te
selecteren voor behandeling met het electief-, intermediair-, of boost-dosisniveau.
In hoofdstuk 3 worden resultaten van een analyse naar regionaal recidief in relatie tot het
volume van 1166 electief bestraalde lymfeklieren beschreven. De kans op recidief na
electieve RT neemt toe bij een groter kliervolume (hazard ratio: 3.1; p<0.001). Receiver
operating characteristic analyse toont dat de opgetelde korte- en lange-as diameter van
de lymfeklier een goed alternatief is voor de bewerkelijke volumebepaling. Hierbij is
шϭϳŵŵĚĞĂĨŬĂƉǁĂĂƌĚĞŽŵŬůŝĞƌĞŶƚĞŝĚĞŶƚŝĨŝĐĞren met een verhoogd risico op recidief na
electieve bestraling met de traditionele dosis (hazard ratio: 17.8; p<0.001). Echter, een
ƌĞůĞǀĂŶƚĚĞĞůǀĂŶĚĞŬůŝĞƌĞŶŵĞƚĞĞŶŽƉŐĞƚĞůĚĞĚŝĂŵĞƚĞƌшϭϳŵŵŝƐǀĂůƐƉŽƐŝƚŝĞĨ͘&'-PET
heeft het potentieel om onderscheid te maken tussen klieren met weinig, matig of veel
tumorvolume, omdat FDG-opname onder andere het aantal tumorcellen reflecteert.
In hoofdstuk 5 worden resultaten van een kwantitatieve visuele analyse van 101
lymfeklieren op FDG-PET-scans van 12 patiënten door twee nucleair geneeskundigen
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beschreven. De kans dat een lymfeklier een uitzaaiing bevat werd ingeschat en
gerapporteerd op een vierpuntschaal (1-zeker benigne, 2-mogelijk benigne, 3-mogelijk
maligne, 4-zeker maligne). Klieren met een hoog ingeschat tumorvolume (score 4) en
matig ingeschat tumorvolume (score 3) hadden respectievelijk een maximale FDG-opname
шϮ͘Ϭ ĞŶ шϭ͘ϱ͘ ĞŶ ĂůŐŽƌŝƚŵĞ Žŵ ŚĞƚ ƚƵŵŽƌǀŽůƵŵĞ ŝŶ ůǇŵĨĞŬůŝĞƌĞŶ ŽƉ ĞĞŶ ƐǇƐƚĞŵĂƚŝƐĐŚĞ
manier in te schatten werd gedefinieerd door deze FDG-opname afkapwaarden te
combineren met de eerder genoemde afkapwaarde voor kliervolume.
Het is bekend dat de reproduceerbaarheid van kwantitatieve FDG-PET data verbeterd kan
worden wanneer deze genormaliseerd wordt aan de hand van een interne standaard
(bijvoorbeeld FDG-opname in de lever of thoracale aorta).
In het werk gerapporteerd in hoofdstuk 4 wordt FDG-opname in het cervicale ruggenmerg
onderzocht als interne standaard. Bland-Altman analyse toont dat normalisatie van FDGopname in de tumor met FDG-opname in het cervicale ruggenmerg de reproduceerbaarheid van een tumor segmentatie model verbeterd in een multicenter cohort van 95
patiënten met een hoofd-halstumor. Deze resultaten werden bevestigd in een
onafhankelijk multicenter validatie cohort van 62 patiënten. In de UPGRADE-RT studie
worden alleen genormaliseerde FDG-PET data gebruikt voor kwantitatieve evaluatie van
FDG-opname in lymfeklieren. Daarnaast zal het tumor segmentatie model gebruikt
worden om gebieden met de hoogste densiteit tumorcellen te identificeren.
Op basis van de resultaten van hoofdstuk 2 en 3 zijn dosisniveaus geselecteerd voor de
behandeling van lymfeklieren in de studie-arm van de UPGRADE-RT studie.
De radiobiologische modellen beschreven in hoofdstuk 2 geven een indicatie van de dosis
die nodig is om microscopische uitzaaiingen in lymfeklieren te genezen. Op basis van de
ingeschatte detectiegrens van uitzaaiingen met de huidige diagnostische beeldvormende
technieken wordt ingeschat dat met een electieve dosis van 34-36 Gy (EQD2) genezing in
95% van de patiënten bereikt kan worden. In de studie-arm van de UPGRADE-RT studie zal
dit het electieve dosisniveau zijn.
De analyse van 1166 electief bestraalde lymfeklieren beschreven in hoofdstuk 3 toont dat
ŬůŝĞƌĞŶ ǁĞůŬ ĞĞŶ ĚŽƐŝƐ ш ϲϬ 'Ǉ ;YϮͿ ŬƌĞŐĞŶ ŶŝĞƚ ƌĞĐŝĚŝǀĞƌĞŶ͘ /Ŷ ĚĞ ƐƚƵĚŝĞ-arm van de
UPGRADE-RT studie zal dit het tussenliggend dosisniveau zijn.
In hoofdstuk 6 worden de gevolgen van een verbeterde detectie van kleine uitzaaiingen in
lymfeklieren met FDG-PET beschreven. In totaal werden 633 patiënten met een PCC in het
hoofd-halsgebied geanalyseerd. Alle patiënten werden behandeld met primaire (C)RT met
moderne bestralingstechnieken (IMRT/VMAT). Bij 46% van de patiënten werd een FDGPET/CT-scan verkregen ten behoeve van RT planning. De exacte locaties van regionale
recidieven in relatie tot eerdere radiotherapie werden bepaald door de diagnostische
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scans waarop het recidief vastgesteld werd te co-registreren met de initiële RT planning
scan. Electief bestraalde lymfeklieren die zichtbaar zijn op de initiële planning scan, op
exact dezelfde locatie als het regionale recidief, zijn significant kleiner indien patiënten
een FDG-PET/CT-scan gehad hebben in vergelijk met een CT-scan alleen (mediaan: 0.46cc
versus 1.02cc, p<0.001). Dit is een aanwijzing dat FDG-PET inderdaad kleinere uitzaaiingen
in lymfeklieren kan detecteren. Multivariate Cox regressie analyse toont een significant
betere regionale controle (hazard ratio 0.62, p=0.027) en overleving (hazard ratio: 0.71,
p=0.033) in patiënten met een FDG-PET-scan in vergelijk met een CT-scan alleen gebruikt
voor RT planning.
In hoofdstuk 7 wordt het studie protocol van de UPGRADE-RT studie beschreven. In totaal
worden 300 patiënten met stadium II-IV PCC uitgaande van de orofarynx, larynx of
hypofarynx gerandomiseerd (ratio 2:1) naar graduele of standaard dosis prescriptie. Voor
alle patiënten zal een FDG-PET/CT voor RT planning verkregen worden. In de studie-arm
worden lymfeklieren geselecteerd voor behandeling met een tussenliggend dosisniveau
van 60 Gy (EQD2) op basis van het eerder beschreven algoritme met kliervolume en FDGopname. Het dosisniveau voor electieve bestraling wordt verlaagd naar 35 Gy (EQD2)
versus 45 Gy (EQD2) in de controle-arm. De dosis voor macroscopische tumor is in beide
armen 73 Gy (EQD2) en zal worden geïdentificeerd met het eerder beschreven tumor
segmentatie model. De primaire uitkomst van de studie is dysfagie gemeten middels de
‘normalcy of diet’ score. De secundaire uitkomst is veiligheid en zal geëvalueerd worden
op basis van het aantal recidieven in electief bestraalde lymfeklieren. Overige uitkomsten
van de studie zijn acute en late toxiciteit en kwaliteit van leven.
In augustus 2016 is de inclusie van patiënten gestart en verwacht wordt dat de laatste
patiënt 5 jaar later geïncludeerd zal zijn (augustus 2021). Na een follow-up van 2 jaar zal
de uiteindelijke data analyse verricht kunnen worden (augustus 2023). De uitkomsten van
de UPGRADE-RT studie zullen aantonen of de onderzochte implementatie van graduele
dosis prescriptie veilig is en de morbiditeit van de behandeling verminderd wordt.
Daarnaast kan het algoritme voor evaluatie van lymfeklieren en de dosis niveaus
geoptimaliseerd worden op basis van de uitkomsten van de studie.
In de toekomst, met verdere perfectionering van diagnostische beeldvormende
technieken, zal een situatie ontstaan waarbij alleen nog individuele lymfeklieren bestraald
worden met een dosis die afgestemd is op het volume van de aangetoonde uitzaaiing. Het
concept waarbij grote anatomische gebieden in de hals electief bestraald worden zoals
dat vandaag de dag gepraktiseerd wordt, zal verlaten worden.
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