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Abstract

Intensity-modulated radiation therapy (IMRT) is a conformal irradiation technique that enables
steep dose gradients. In head and neck tumours this approach spares parotid-gland function
without compromise to treatment efficacy. Anatomical and molecular imaging modalities may be
used to tailor treatment by enabling proper selection and delineation of target volumes and organs
at risk, which in turn lead to dose prescriptions that take into account the underlying tumour
biology (eg, human papillomavirus status). Therefore, adaptations can be made throughout the
course of radiotherapy, as required. Planned dose increases to parts of the target volumes may also
be used to match the radiosensitivity of tumours (so-called dose-painting), assessed by molecular
imaging. For swift implementation of tailored and adaptive IMRT, tools and procedures, such as
accurate image acquisition and reconstruction, automatic segmentation of target volumes and
organs at risk, non-rigid image and dose registration, and dose summation methods, need to be
developed and properly validated.

Introduction

Intensity-modulated radiation therapy (IMRT) is an irradiation technique that combines
beams with non-uniform fluence-intensity-generating steep-dose gradients, even in targets
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with concave shape.l Although Brahme and colleagues? described the concept 25 years ago,
and although IMRT has been progressively introduced into the clinics over the past 10 years,
in particular for the treatment of malignant head and neck disease, only in the past few years
has sparing of the parotid gland been validated.2# IMRT has enabled a substantial reduction
in parotid-gland irradiation, which has led to subjective and objective improvements in
parotid function without a loss of efficacy. A prospective, non-randomised study also
showed that after switching from three-dimensional conformal radiation therapy to IMRT
for the treatment of locally advanced oral and pharyngolaryngeal squamous-cell carcinoma,
late xerostomia and acute mucositis were decreased (possibly because of reductions in dose
per fraction) and an association was seen with improved quality of life.5 In silico studies
have also shown that IMRT allows sparing of the anatomical structures involved in
swallowing,®7 and a randomised study is underway to assess whether the dose to the
auditory apparatus can be reduced with use of IMRT.

The proper delivery of IMRT for head and neck tumours requires a thorough knowledge of
the complex anatomy of the region and the intricate physiology of swallowing, speech, and
auditory functions, among others. A clear understanding of the pathophysiology of local and
regional tumour spread is also required. Knowledge of the tolerance of normal tissues to
irradiation, whether or not combined with chemotherapy or targeted agents, is required to
keep complications to a minimum. Over the past decade seminal studies and guidelines have
been published that have helped to standardise the delivery of IMRT for head and neck
tumours. Consensus guidelines endorsed by the major scientific radiation oncology societies
and by clinical research cooperative groups have been published for target-volume selection
and delineation in the node-negative neck.® These guidelines have been extended to the
selection and delineation of the target volumes in the node-positive and the postoperative
neck.2 A comprehensive review of the irradiation tolerance of the major organs at risk in the
head and neck area has been published by the Quantitative Analysis of Normal Tissue
Effects in the Clinic (QUANTEC) initiative,19-12 and additional data on irradiation tolerance
for swallowing function have also been published.13

Despite the guidelines, some changes to practice are still required. Hong and colleagues!4
asked radiation oncologists at 20 centres with established head and neck oncology expertise
to delineate the clinical target volumes from a precontoured gross tumour volume. Major
differences were noted between the centres, which illustrates the need for more stringent
application of the guidelines mentioned above. In a similar study in the Netherlands, after
guidelines had been available for a longer period, more consistent target-volume delineation
was seen.1® This finding illustrates a learning curve to the understanding of proper
implementation of IMRT. Variability between radiation oncologists is likely to decrease
further as the education of younger radiation oncologists provided by academic centres
improves and the number and quality of educational sessions at international conferences
increases, and maybe also by the use of anatomical atlases for the delineation of organs at
risk.16:17 To limit the consequences of variations in delineation between radiation
oncologists, the use of conformal avoidance IMRT has been proposed. With this approach
only structures for which dose-volume constraints are needed are delineated (eg, gross
tumour volume, the spinal cord, and the parotid glands).18 From an academic point of view,
such practice cannot be recommended, as it leads to higher doses being delivered to non-
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target tissues than to target tissues, and to irradiation of the whole primary-tumour subsite.
The amount of normal mucosa around the gross tumour volume that needs to be included in
the clinical target volume is unclear, but even in the IMRT area most primary-tumour
failures typically occur in the gross tumour volume and not in the surrounding mucosal area.
19 A way around these uncertainties is the delineation of an extra clinical target volume that
is intermediate to the so-called elective and therapeutic clinical target volumes for the nodes
and the primary tumour that would be exposed to a medium radiation dose, such as 60 Gy.
Unfortunately, no undisputable argument can be made in favour of one or other proposal.

In this Review, we explore issues that need to developed further to improve radiotherapy for
head and neck tumours, such as delineation of target volumes, biological tailoring of
radiotherapy, adaptive radiation delivery, and radiation dose-painting.

Image-tailored IMRT for head and neck cancer

One of the first steps of a radiotherapy treatment plan is to properly select and delineate the
target volume or volumes and the organs at risk. In head and neck tumours, planning has
typically been done with anatomical imaging, such as CT and MRI. An electronic map of
densities created by the CT images is used for dose calculation. MRI was added because it
was thought the exquisite soft-tissue contrast would complement CT. Quantitative
comparison between CT and MRI for delineation of pharyngolaryngeal gross tumour
volume, compared with pathological findings, showed similar results for these two
modalities, although subjective assessment was in favour of MRI. Both modalities, however,
substantially overestimated the gross tumour volume,20 which illustrates the low specificity
of iodine or gadolinium contrast-enhanced features.

In head and neck cancers, as for tumours at other sites, molecular imaging with
fluorodeoxyglucose (FDG) PET has been increasingly used over the past few years in
diagnosis and staging. FDG PET does not improve accuracy for nodal staging of head and
neck tumours to a clinically relevant degree when compared with CT or MRI,2L but
integration of FDG PET with CT, MR, or both, can alter the primary delineation of gross
target volume.22-24 In some studies, though, the gross target volumes were larger with FDG
PET than without, whereas in other studies they were smaller. These discrepancies are
probably caused partly by the use of suboptimum methods to reconstruct and segment the
PET images. FDG PET was no better than anatomical imaging for delineation of the cervical
lymph node. So far, only one study has reported a comparison between anatomical and
molecular imaging in comparison with pathology.29 That study showed that in locally
advanced squamous cell carcinoma, gross target volumes with FDG PET were significantly
closer to those defined by pathological assessment of macroscopic tissue sections than were
volumes delineated by CT or MRI. All imaging modalities in that study typically missed the
small mucosal infiltration detectable by clinical examination, which emphasises the
importance of the clinical information in delineation of gross target volumes,20:25 especially
for small primary tumours, for which acquisition and reconstruction uncertainties with PET
images outweighed any benefits. These findings justify the need to define clinical target
volumes around the gross target volumes to ensure microscopic infiltration is included and
to take into account the margin of uncertainty in delineation of gross volumes.
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The use of PET for delineation of gross target volumes requires adequate data for
acquisition, reconstruction, and segmentation of the images.26 Owing to technological
differences between commercially available PET systems, the quality and properties of the
images vary substantially.2” Several studies have shown that resolution is crucial to
delineation tasks; the lower the resolution is, the more blurred the images are.28:29 Beyond
visual discomfort, blur also smoothes and distorts iso-uptake contours, which can lead to
statistical uncertainty (because of excess noise) and bias (because of the limited resolution)
if delineation is based on uptake thresholds.3? Only specific, iterative delineation methods
that proceed with several successive approximations of the target contours can help to
resolve some of the issues caused by low resolution.31 Of more complex delineation
methods, the most accurate are those that typically entail statistical or optical modelling of
blur related to resolution. For instance, the method developed by Geets and colleagues3?
includes image-processing steps that lessen noise and correct the images for resolution
blurring. Next, delineation proceeds with gradient-crest detection instead of an uptake
threshold, which helps to deal with heterogeneous signals within and around the target. Most
of the segmentation techniques focus on delineation of gross target volumes with FDG PET.
For images acquired with other tracers (eg, hypoxic tracers, such as 18F-fluoromisonidazole
[Miso] or 18F-fluoroazomycin arabinoside [FAZA]), the reduced ratio of signal to
background noise might further hinder delineation. Similarly, resolution issues become
worse for delineation of heterogeneous areas within tumours than for assessment of the
whole volume (see the discussion of dose-painting below).

Validation of FDG PET for treatment planning should ideally come from randomised trials
that compare molecular and anatomical imaging. The complexity of doing such studies,
including ethical issues, however, could justify the use of surrogates of efficacy. FDG-PET-
based gross target volumes have been shown to translate into smaller clinical and planning
target volumes than those delineated with CT and clinical information only.33 Furthermore,
comparative planning studies showed that conformity of dose distribution could be increased
when planning target volumes were based on FDG PET.33 Finally, preliminary results of a
multicentre, prospective, phase 2 study of the use of planning target volumes based on FDG
PET to guide treatment of locally advanced pharyngolaryngeal squamous-cell carcinoma
have confirmed the previous volumetric and dosimetric results: smaller volumes have been
delineated with FDG PET than with CT. The difference in dose distributions has, however,
been small owing to the complexity of the treatment plan, which includes prophylactic nodal
irradiation (Grégoire V, unpublished).

PET tracers for specific cellular pathways involved in radiation response (eg, hypoxia and
proliferation) have also been investigated for delineation of target volumes. The use of PET
tracers for hypoxia pathways has been studied in several proof-of-concept planning studies.
34-37 Although hypoxic subvolumes can be delineated and substantially boosted without
exceeding the tolerance dose to the surrounding normal tissues, various features, such as
spatial resolution and temporal variation, need to be more clearly understood before
hypoxia-targeted IMRT can be used routinely.38:39 Tumour-cell proliferation tracers, such as
3’-deoxy-3’-18F-fluorothymidine (8FLT), have been tested, but no real clinical benefit has
yet been seen, probably because these tracers do not distinguish proliferation of tumour cells
from that of surrounding normal cells.? 11C-methionine has been tested as a tracer of
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protein synthesis in target-volume selection and delineation, but no added value was shown
because uptake by mucosal and salivary glands was high.*!

Diffusion-weighted MRI is emerging as an imaging technique that measures water mobility
in the tumour microenvironment.*2 It has shown value in pretreatment nodal staging, in
prediction of response to radiation treatment, and as an early marker of recurrence during
follow-up. For pretreatment delineation of target volume, however, usefulness is limited.
Whether it has a role during radiotherapy to identify non-responding patients who might
need a boost dose remains to be investigated.

Biological tailoring of radiotherapy

Epidemiological and clinical data indicate that survival among patients with oropharyngeal
cancer associated with human papillomavirus (HPV) is notably better than that for smoking-
related head and neck cancers.*3-45 Patients with HPV-related oropharyngeal cancer are
generally light smokers or have never smoked and consume little alcohol. They are also
frequently younger—of working and reproductive age—than are patients with other head
and neck cancers. Reduction of the risk of treatment-related toxic effects without
compromise to cure is important for patients with HPV-related oropharyngeal cancer, but the
undertaking of non-inferiority trials, where event rates are low, is challenging.

In the RTOG 0129 trial, Ang and colleagues*® reported that tumour stage T4 and nodal
status N2b—N3, accumulated tobacco exposure (>10 pack-years), and a negative test for
HPV were predictors of poor outcomes in patients with oropharyngeal cancer. The
investigators used these parameters to stratify the cohort into three groups according to risk
of death.*6 The observation that the prognosis differs between subgroups of patients with
HPV-related oropharyngeal cancer is exciting because it suggests the tailoring of treatment
for this disease could be possible. Heavy smokers, however, might still develop smoking-
related disorders independent of cancer risk or be at risk of harmful effects from continuing
to smoke during radiotherapy. Such effects might be independent of resistant biology related
to heavy smoking that is acquired by the tumour during pathogenesis.#’~°0 Participants in
the RTOG 1016 trial that is underway, which is assessing HPV-related oropharyngeal cancer,
have been stratified by smoking status (>10 pack years exposure) so that non-smokers and
light smokers may be assessed in the same trial as heavy smokers (NCT01302834).

Strategies to replace cisplatin with cetuximab (eg, as assessed in the RTOG 1016 trial, which
also uses accelerated radiotherapy in both arms) or induction cetuximab with other agents to
select patients for a reduced radiotherapy dose, underpin the first trials specific for HPV-
related oropharyngeal cancer (NCT01302834 and NCT01084083). Other HPV trials
specifically addressing a potential role for cetuximab in the treatment of oropharyngeal
cancer, such as the UK De-ESCAlate HPV trial, other anti-EGFR strategies, and ways to
reduce treatment intensity, are being considered. No randomised trial has yet addressed de-
escalation with radiotherapy alone for patients with oropharyngeal cancer, despite meta-
analysis showing that intensified hyperfractionated radiotherapy and chemoradiotherapy lead
to similar survival benefits in patients with oropharyngeal or other head and neck cancers.
51.52 This finding was, however, unexpected because benefits achieved with moderately
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accelerated radiotherapy were independent of HPV status in the DAHANCA 6 & 7 trials.>3
Other data, albeit retro-spective, support very high survival among non-smokers or light
smokers with HPV-related oropharyngeal cancers, even stage IV cancers (mostly related to
N2 neck involvement), when altered fractionation radiotherapy is used alone.>* Evidence has
also suggested that nodal status is an unreliable prognostic indicator in HPV-related
oropharyngeal cancer.%®

Infection with HPV is not the only biological parameter that affects treatment response, and
thus potentially dosing. Toustrup and colleagues®® reported a predictive 15-gene hypoxic
signature that could predict whether patients with locally advanced supraglottic or
pharyngeal squamous-cell carcinoma would benefit from combined nimorazole and
radiotherapy.>! Patients positive for HPV did not benefit from nimorazole, irrespective of
their hypoxia signature.

A final issue in relation to the tailoring of radiobiological approaches to head and neck
cancers is management of the neck during IMRT through the use of simultaneous integrated
boosts. The use of low doses per fraction (eg, 1 - 5 Gy) is convenient and potentially
beneficial in elective management of subclinical neck disease, compared with the traditional
2-0 Gy per fraction dose, as long-term toxic effects might be avoided, especially in patients
who receive concurrent chemotherapy. Seung and colleagues®’ noted no regional failures in
the clinically negative neck treated with a median dose of 1 - 65 Gy per fraction. Similarly,
Bedi and colleagues®8 saw no recurrences with 50 -0 Gy administered at 1-43 Gy per
fraction, and suggest that this dose is sufficient to electively treat low-risk neck lymphatics
with chemotherapy. This tailored approach is applicable to all head and neck cancers where
the risk of regional neck relapse warrants elective treatment.

Adaptive IMRT

Adaptive radiotherapy involves changes to the radio-therapy plan during treatment on the
basis of patient-specific observations that were not taken into account during initial
planning. Adaptive radiotherapy should also include corrections for set-up variations. In
head and neck tumours, discrepancies can be kept to a minimum with the use of various
immobilisation systems and on-board imaging.>® Nevertheless, margins of 3-5 mm between
the planning and clinical target volumes have been recommended to account for
uncertainties in residual positioning after corrections for systematic and random deviations.
60 Frequently, though, the term adaptive radiotherapy is used to refer to different procedures
used throughout the course of a treatment to account for anatomical and functional
variations that can affect the dose distribution. Relevant unspecific anatomical variations
might be seen in the patient’s weight, the tumour volume, position or function of a specific
organ at risk, or target volume.

Studies of head and neck cancers have mainly focused on variations in the volumes and
positions of the parotid glands and in target volumes throughout the treatment course.
Progressive shrinkage of around 1% per treatment day and displacement of 3—-4 mm by the
end of treatment toward the mid-sagittal plane have been consistently reported for the
ipsilateral parotids.5 Smaller variations have been noted for the contralateral parotids. On
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average, nodal and primary-tumour gross target volumes assessed on repeated planning CT
shrink by 2—-3% per treatment day, which translates into a change in the associated clinical
target volumes. The centre of mass also moves a few millimetres, although the direction is
not consistent.61:62 Similar findings for gross target volumes were seen on FDG PET.3

Volumetric and positional changes of organs at risk and target volumes are generally
associated with progressive increase in the delivered dose compared with the planned dose,
64 typically because of shrinkage of the gross target volume owing to tumour tissue loss
(figure 1). The volumetric and positional changes of organs at risk and target volumes have
also been shown to lead to increased mean doses to the ipsilateral and controlateral parotid
glands, by 15% and 10%, respectively, and to small increases to the spinal cord and the oral
cavity.54 Other studies have consistently reported increases in parotid-gland dose throughout
the treatment course.84-67 For target volumes, variations in dose metrics have also been
reported but are not consistent, which probably reflects variations in treatment procedures
(eg, no margin between planning and clinical volumes) and methods (eg, megavoltage CT vs
kilovoltage CT with contrast to assess target volumes).54-66 We have found a marginally
significant decrease in the planning target volume nearminimum dose (Dgg), but dose
metrics in the clinical target volume were not affected, which illustrates the usefulness of the
planning target volume concept.

In view of the issues outlined above, incorporation of adaptive dose distributions in planning
can be useful. Planning studies have shown that dose adaptation can recover the extra dose
delivered to the irradiated volume, and in particular to the parotid glands.5468.69 At a
population level, however, the dose recovered is small and benefits only 20-30% of patients.
64.68 Viarious factors, such as parotid shift toward the mid-sagittal plane, but not weight loss,
help to select patients in whom adaptation will be useful.

For adaptation of target volumes, the so-called elective clinical target volume (eg,
prophylactic nodal irradiation) must be distinguished from the so-called therapeutic clinical
target volume around a gross target volume. As change in the elective clinical target volume
is directly related to anatomical modifications, adaptation throughout treatment seems
justified. For the clinical target volume around the gross target volume, however, although
planning studies show consistently that shrinkage of the gross target volume enables isodose
reduction, implementation of this procedure is not recommended. The limited resolution of
the imaging modalities raises the risk of underdosing to part of the surrounding normal
tissues still infiltrated by tumour cells.63-69

The concept of adaptive planning has been validated, albeit in one study of 22 patients
treated with IMRT for stage 111-IV oropharyngeal primary tumours.”® Median follow-up
was 31 months, and local and regional control at 2 years reached 100% and 95%,
respectively. Thus, with use of proper methodology, adaptive treatment without changes to
target volume is safe. In that study, however, no margin was used between the planning and
clinical target volumes to limit the high dose distribution to organs at risk around the clinical
target volume (eg, the parotid glands), which is not recommended because the residual
positioning uncertainties after correction for deviations are not taken into account.
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Technical implementation of IMRT adaptive planning is also challenging (figure 2).
Adaptive treatment relies on several hardware and software tools, such as on-board imaging,
image registration algorithms, image segmentation techniques, and dose summation.54.65
These tools, respectively, provide the raw data, connect them within a reference coordinate
system, propagate the contours of the target volumes and organs at risk from the
pretreatment planning CT to the per-treatment images, and integrate the dose distributions.
Some processes can be done offline (between fractions) but others should be done online
during a treatment session. In head and neck tumours, anatomical changes are mainly
progressive over the treatment course and, therefore, offline adaptation is probably most
realistic, as the immediacy of online adaptation is generally not required.5” The development
of automated procedures, accompanied by efficient decision tools (eg, thresholds to trigger
adaptation) can aid work flow. Automation is also expected to decrease variability within
and between observers.57

Image registration requires the development of algorithms that can identify non-rigid (or
elastic) deformation.%9:67.71.72 The quality of on-board imaging devices, however, remains
an issue for these algorithms because of various factors, such as inaccurate calibration of the
Hounsfield units, low signal-to-noise ratio, strong artifacts, and low soft-tissue contrast.
Although the current registration algorithms can easily catch smooth deformations,
discontinuous variations— eg, tongue sliding or occlusion of air cavities—are more difficult
to model.”2~73 The effect on delineation of the gross target volume is especially important,
where substantial changes, up to tissue disappearance, are expected to occur. Despite these
limitations, non-rigid registration algorithms remain a cornerstone in the implementation of
adaptive radiotherapy. They provide spatial mapping and thus enable contours and dose
distributions to be deformed and propagated from one image to another,61.64.72 which yields
a good approximation of the total dose delivered. Finer radiobiological models of dose
summation do exist,”* but are not used in practice because correction for dose per fraction is
of much less importance than the remaining inaccuracy in image registration.

Dose-painting

In theory, delivery of a uniform dose would be optimum if the tumour radiosensitivity were
uniform.”®76 Studies suggest that dose escalation for radioresistant parts of tumours and
dose decrease for radiosensitive parts would lead to improved tumour control and maintain
the integral delivered dose.’” This approach is termed biologically conformal radiotherapy
or dose-painting. Consensus indicates that the only realistic way to identify biological
heterogeneity of tumours in vivo is with biological imaging techniques, which has become
possible in the past decade. The biological properties considered most frequently for
selective dose boosting are regions that display high metabolism, increased tumour hypoxia,
or increased cell proliferation.”8

Dose-painting aims to deliver a non-uniform dose throughout the target volume. The
technique involves four distinct steps: determination of the correlation between the
underlying tumour biology and molecular imaging; determination of dose prescription
function based on molecular imaging data; planning of the treatment and dose delivery; and
assessment of the clinical outcomes in comparison with standard treatments. Each step is
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associated with specific challenges and uncertainties that need to be resolved before dose-
painting can be safely administered to patients.

A distinction is usually made between dose-painting by volume, which takes into account
subvolumes within a gross target volume for dose prescription, and that by number, where
each voxel receives a different dose based on the intensity of a given image parameter.”8 The
method is decided according to technical choices and limitations, but is rather artificial, as
the use of a high number of subvolumes will mimic dose-painting by number. Treatment
planning systems, however, do not easily manage a large number of intricate contours and
the granularity of dose-painting by volume and number is limited. The resolution of dose
delivery also has a limiting effect.

Most understanding of tumour biology that leads to increased radiation resistance is known
on a spatial scale (eg, microns), which is much smaller than the resolution that can be
achieved with any imaging techniques (ie, millimetres).3° This disparity leads to
underestimation of tracer uptake and an overestimation of object size.”® Similarly, no
molecular imaging technique can directly depict the distribution of radiosensitivity within
the tumour, which leads to differential response to radiation. Most of the current dose-
painting targets are, therefore, based partly on clinical evidence®? and theoretical arguments,
34.81.82 \yithout direct connection between imaging data and radiosensitivity. Consequently,
the selection of molecular imaging agent is frequently driven by convenience (eg, FDG PET)
and availability at a given institution, rather than by strong clinical evidence.

Treatment induces substantial spatial and temporal changes in tumour biology.%® Good
understanding of these dynamics is essential to determine the optimum time of assessment
and of the dose-painting targets, how these features might change through the course of
therapy, and, therefore, whether target reassessment will be required. Furthermore,
molecular imaging decisions related to specific tumour phenotypes that have increased
radioresistance (eg, hypoxia, proliferation) typically require advanced compartmental
modelling to reliably extract biological information of interest from imaging data.3> While
the techniques for this extraction are known, its implementation is likely not to be
straightforward because complex imaging protocols, such as dynamic PET imaging, and
expertise in advanced image analysis will be required. Furthermore, molecular imaging
techniques are typically only partly related to biological phenomena. For instance, 18F-
FAZA is required to show hypoxia, but FDG is required for metabolism and 18F-FLT for
proliferation. Multiple tracers exist, but each has its own limitations related to uptake and
retention mechanisms, which need to be understood to ensure proper interpretation.83 One of
the most important issues in dose-painting, however, is to determine the correlation between
the molecular imaging information and dose to compensate for differential spatial
radiosensitivity. Dose-painting prescription can be assessed indirectly by correlation of
particular biological phenotypes and clinical outcomes, or directly by correlation of
molecular imaging information and clinical outcomes. The latter approach is preferable, but
no reliable clinical trial data that enable direct comparison yet exist.

Multiple studies have shown that the planning of dosepainting delivery is feasible, but most
have assumed optimum delivery conditions.84-87 To target small regions within tumours,
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positioning and motion uncertainties must be taken into account in a way similar to that for
treating the entire tumour,8 although the same margins should not be used for subvolumes.
Such application lowers the theoretical advantage of dose-painting over traditional uniform
delivery. In head and neck tumours, however, positioning errors can be minimised with
image-guided radiotherapy techniques, and motion is not typically a major issue.

Clinical trials to compare clinical benefits of dose painting with those of standard treatment
need to be carefully designed. A two-phase approach is probably best. Technical feasibility
and safety would need to be established in the first phase, followed by a larger randomised
trial, with local control and late toxic effects as the combined primary endpoint, to compare
biologically conformal dose escalation with a simple geometrically defined boost plan to
deliver the same integral dose to the target volume (figure 3).78

Because of the number of challenges that need to be overcome, clinical adoption of dose-
painting has been slow. Most clinical studies have focused on the feasibility and safety of
dose escalation. In one trial in head and neck tumours, two dose-boosting escalation levels to
the pretreatment FDG PET or CT-avid areas were tested (physical doses of 72:5 Gy or 77-5
Gy).89 Unfortunately, the study was terminated because of a treatment-related death at the
high-dose boost level. Of nine recurrences, four were in the boost regions. This finding
suggests that even higher doses might be warranted, if they do not exceed acceptable
toxicity. In a follow-up trial by the same group, median dose boosts of 80-9 Gy or 85-9 Gy
with adaption of delivery after ten fractions based on a repeat FDG PET or CT scans, and
delivery of a uniform dose after 20 fractions, resulted in no grade 4 acute toxic effects.%
These findings indicate that dose-painting is technically and clinically feasible, but that a
careful approach is needed.

Conclusions and future directions

Radiotherapy has become an indisputable part of the multidisciplinary management of head
and neck cancer. Selection and delineation of target volumes, use of stringent dose-volume
constraints to steer the calculation engines, and modern equipment permit high dose delivery
with sharp dose gradients. The tailoring of treatment seems feasible in the near future
through the use of molecular imaging with PET and MRI to select and delineate gross target
volume, biological profiling of the tumour to select patients who might benefit from adaptive
treatment intensity (eg, decreases for HPV-positive tumours or escalated for hypoxic
tumours), application of dose-painting with doses decided on the basis of tumour-response
parameters (eg, number of stem cells, hypoxia, and proliferation), and the monitoring of
parameters and variations in the patient’s anatomy to trigger dose adaptation. Before this
scenario becomes reality, however, proof of concept must be tested in clinical studies.
Randomised studies of dose escalation based on molecular imaging are being designed, and
those of de-escalation will start soon for patients with oropharyngeal squamous-cell
carcinoma related to HPV. Whether to assess molecular profiling of hypoxia to select
patients for treatment intensification in studies is also being debated. In the meantime, new
software (eg, delineation atlases, image segmentation algorithms, and non-rigid dose
summation algorithms) and hardware (eg, faster calculation engines) are being used to
enable dose-painting and dose adaptation. Important technological and methodological
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issues still need to be addressed, however, before the dose-painting concept can be validated.
For example, low resolution and statistical noise in PET images do not take into account
intrinsic variation of biological phenomena, and uncertainties in dose calculation and
delivery might mean that dose distribution does not match the underlying tumour biology.

The next few years will be crucial to radiation treatment of head and neck cancers.

Irrespective of the improvements already made or those expected, though, patients with head

and neck tumours will certainly be best managed by radiation oncologists who specialise in

these cancers.
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Figure 1: Comparison between the planned isodose distribution and the dose distribution
actually delivered on the 25th fraction

(A) Kilovoltage CT with contrast enhancement and (B) megavoltage CT without contrast
enhancement for a patient with a T2-N3 oropharyngeal squamous-cell carcinoma. The
patient was treated with chemoradiotherapy. Planned radiotherapy dose was 50-0 Gy
administered as 25 fractions of 2.0 Gy, and planning target volumes are delineated in red.
The left parotid gland is delineated in blue. Arrows indicate the overdose of the left parotid
gland compared with the planned dose.
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Figure 2: Typical diagrammatic representation of an adaptive treatment strategy

The main difference between adaptive and classic treatment strategies is that images

Page 18

acquired during treatment may be used for set-up and dose re-calculation. The diagram
relies on two assumptions. First, the quality of in-room imaging is sufficient to compute a
provisional dose just before set-up and delivery. Second, the dose effectively received by the
patient can be measured after delivery. If not, a natural surrogate would be the provisional
dose. Set-up may be guided by the images (image-guided adaptive radiotherapy) and the
computed provisional dose (dose-guided adaptive radiotherapy).
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PET signal
intensity
High

Low

Figure 3: Typical schematic treatment plansfor a dose-painting phase 3 trial protocol
Numbers represent doses in Gy. (A) In the standard arm a median dose of 70 Gy is

homogeneously delivered to the GTV. (B) In the experimental arm boost doses are delivered
to the GTV that range from 70 to 86 Gy and are based on the PET-signal intensity in each
voxel. In both arms a median dose of 70 Gy is administered to the CTV and PTV.
PTV=planning target volume. CTV=clinical target volume. GTV=gross target volume.
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