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ABSTRACT

Major advances in radiotherapy techniques, increasing knowledge of tumour biology and the ability to translate

these advances into new therapeutic approaches are important goals towards more individualized cancer

treatment. With the development of non-invasive functional and molecular imaging techniques such as positron

emission tomography (PET)-CT scanning and MRI, there is now a need to evaluate potential new biomarkers for

tumour response prediction, for treatment individualization is not only based on morphological criteria but also on

biological tumour characteristics. The goal of individualization of radiotherapy is to improve treatment outcome

and potentially reduce chronic treatment toxicity. This review gives an overview of the molecular and functional

imaging modalities of tumour hypoxia and tumour cell metabolism, proliferation and perfusion as predictive

biomarkers for radiation treatment response in head and neck tumours and in lung tumours. The current status of

knowledge on integration of PET/CT/MRI into treatment management and bioimage-guided adaptive radiotherapy

are discussed.

Advances in understanding the molecular biology of
cancer and the ability to translate these advances into
therapeutic approaches are important achievements to-
wards individualized cancer treatment. With the de-
velopment of non-invasive functional and molecular
imaging modalities such as positron emission tomog-
raphy (PET)-CT scanning and MRI, there is now a need
to evaluate potential new biomarkers for tumour re-
sponse prediction. It is noteworthy that treatment in-
dividualization is not only based on morphological
criteria but also on biological tumour characteristics
such as metabolic and proliferative activity, and hypoxic
tumour status before and during treatment.1 The vali-
dation and integration of imaging biomarkers before and
early during therapy are important tasks for further
clinical research and may help to individually select,
adapt and optimize treatment schedules for patients in
order to improve treatment outcomes, that is, to increase
tumour control probability and/or to reduce chronic
treatment-related toxicity.2

The primary aim of a predictive biomarker is to accurately
determine the outcome of a given treatment. Therefore, the
accurate prediction may help facilitate potential inter-
ventions early during the course of treatment. By contrast,
prognostic markers show an association with patient out-
come independent of a given treatment. The increasing use
and availability of PET/CT as well as of MRI in radio-
therapy will make it feasible to incorporate imaging pre-
dictive tests into clinical practice if validation studies
confirm the utility of specific PET tracers or functional
MRI or CT parameters. In this review, the capacity to use
these functional imaging biomarkers is focused on PET,
MRI and CT for radiotherapy response detection in head
and neck tumours and in lung tumours.

PRE-CLINICAL EVALUATION OF FUNCTIONAL
PET IMAGING FOR TREATMENT RESPONSE
Multi-imaging (CT, micro-MRI, micro-PET and autoradi-
ography) registration of tumour xenografts in mice as well
as different PET tracers before or during fractionated
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radiotherapy has been investigated in several pre-clinical
studies.3,4 On the microregional level, experiments in-
vestigated the correlation between autoradiography of dif-
ferent PET tracers with immunohistochemical stainings.5

[18F]2-fluoro-2-deoxy-D-glucose (18F-FDG) is the most
widely used PET tracer for diagnosis, staging and response
monitoring in oncology (Figure 1). The results of a proof-of-
principle experimental study performed by the author of this
review and his coworkers (within the seventh framework of
the BioCare project) showed that a higher single radiation
dose had a greater effect on local control in tumours with
high pre-therapeutic 18F-FDG-uptake than in tumours with
low 18F-FDG uptake in a human head and neck squamous
cell carcinoma xenograft model.6 The biological mechanisms
underlying the observed differences in radiation response
between tumours with high and low 18F-FDG uptake are so
far not understood. High 18F-FDG uptake reflects tumour
subvolumes with high cell density and may identify radio-
resistant tumour cells owing to hypoxia or other mechanisms
of radioresistance, although pre-clinical data comparing
18F-FDG PET, autoradiography and functional histology are
partly contradictory.7

Therefore, 18F-FDG was compared with one of the hypoxia
PET tracers, 2-nitroimidazole [18F]-EF3, on the histological
level by Christian et al.8 They found only a small overlap be-
tween both tracers, rebutting the assumption that 18F-FDG
may reflect mainly tumour hypoxia. For another PET tracer,
[18F]fluoromisonidazole (FMISO), an overall good correlation
between the FMISO autoradiography signal and pimonidazole
immunohistochemistry was found, and the FMISO signal
varied with the level of hypoxia, that is, under ambient con-
ditions, carbogen breathing or clamping.9 Investigating the
effect of dose escalation in tumours with high 18F-FDG-uptake,
an experiment at our institution (Clinical and Experimental
Radiotherapy, OncoRay) addressed the question whether dose
escalation to high 18F-FDG subvolumes before fractionated

radiotherapy or to the residual high 18F-FDG uptake subvolumes
after 18Gy would be more effective [(Clinical and Experimental
Radiotheraphy, OncoRay) C Jentsch, R Bergmann, K Brüchner,
B Mosch, A Yaromina, M Krause, D Zips, H Thames, J Kotzerke,
J Steinbach, M Baumann, B Beuthien-Baumann, manuscript in
preparation, 2015]. Only 18F-FDG uptake prior to fractionated ir-
radiation, in contrast to 18F-FDG uptake early during fractionated
irradiation at 18Gy, was found to be predictive for local control.

A proof-of-principle study performed by the author and
coworkers investigated the effect of radiation dose escalation
on local control in hypoxic vs non-hypoxic tumours defined
using FMISO in FaDu human squamous cell carcinoma xeno-
grafts growing subcutaneously in nude mice.10 Single irradiation
dose escalation resulted in an incremental increase in local
tumour control from low-dose hypoxic, over low-dose non-
hypoxic and high-dose hypoxic to high-dose non-hypoxic,
tumours. The negative effect of FMISO hypoxic volume on
permanent local tumour control supports its prognostic value.
This result needs to be confirmed using different tumour entities
and fractionated radiotherapy schedules.

A novel developed hypoxia marker for PET imaging, 3-[18F]fluoro-
2-(4-((2-nitro-1Himidazol-1-yl)methyl)-1H-1,2,3,-triazol-1-yl)-propan-
1-ol (HX4), has been evaluated and validated pre-clinically by
Dubois et al.11 Recently, a comparative study of the hypoxia PET
tracers HX4, [18F]-fluoroazomycinarabinoside (FAZA) and
FMISO has been performed in a pre-clinical tumour model by
Peeters et al.12 Because of the short half-life and clearance of
HX4, a higher tumour-to-background ratio than found for
current hypoxia markers such as FMISO is expected. Currently,
HX4 is being studied in clinical trials in non-small-cell lung
cancer (NSCLC).13,14 Furthermore, an ongoing clinical study
investigates HX4-PET in patients with head and neck squamous
cell carcinoma (HNSCC) and compares HX4-PET uptake with
18F-FDG PET uptake before and during (chemo)radiotherapy
(ClinicalTrials.gov identifier: NCT01347281).

Figure 1. [18F]2-fluoro-2-deoxy-D-glucose (18F-FDG) positron emission tomography (left) and CT (right) of a patient with tonsil

carcinoma and bicervical lymph node metastasis before the start of irradiation therapy showing intratumoral heterogeneity of 18F-

FDG uptake. Reprinted from Schütze et al6 with permission from Elsevier Science Publishers.
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CLINICAL EVALUATION OF FUNCTIONAL PET
IMAGING FOR RADIATION TREATMENT
RESPONSE IN HEAD AND NECK AND NON-SMALL
CELL LUNG CANCER
The non-invasive or minimally invasive nature of molecular
imaging techniques allows serial evaluation of changes in tu-
mour biological characteristics. Molecular imaging is therefore
suitable to provide not only pre-treatment parameters but also
allows for early assessment of treatment effects. In most studies
performed to date, however, treatment response using imaging
has been evaluated after the end of therapy. Several studies have
addressed the potential clinical utility of 18F-FDG, FMISO or
[18F]fluorothymidine (FLT) PET for early response assessment
during therapy.15–17

In recent years radiotracer-based molecular imaging with PET,
mainly using the glucose analogue 18F-FDG, has been shown to
improve accuracy in the diagnosis and staging of various tumour
types.18–25 Furthermore, it has been proven to be beneficial for
both therapy monitoring and differentiating between residual or
recurrent tumour and non-specific post-therapeutic
changes.26–28 High 18F-FDG uptake reflects mainly tumour
subvolumes with high cell density and metabolic activity and
may identify areas of radioresistant tumour cells owing to
hypoxia or other mechanisms of radioresistance.24,29,30 The
hypothesis of a more aggressive tumour phenotype within
highly 18F-FDG-avid tumour regions is also supported by the
observation that local recurrences after radiotherapy often occur
within the irradiated target volume with the highest 18F-FDG
uptake.31–35

It is well recognized that in different patients, tumours of the
same histology may show a varying avidity for 18F-FDG. This
intertumoral heterogeneity in 18F-FDG uptake has been dem-
onstrated in a number of clinical studies correlating imaging
features with outcome after (chemo)radiotherapy in various
tumour entities.36–38 Currently available data concerning an
intensive monitoring of HNSCC early in the course of (chemo)
radiotherapy are limited.39–44 48 patients with head and neck
cancer underwent repeat FLT PET/CT before and during the
second and fourth weeks of (chemo)radiotherapy. It was found
that a change in FLT uptake early during radiotherapy or
chemoradiotherapy was a strong indicator for long-term out-
come (Figure 2). FLT PETmay thus aid in personalized patient
management by steering treatment modifications during an
early phase of therapy.

In addition, in an individual patient’s tumour, subvolumes
with lower and higher 18F-FDG uptake, that is, intratumoral
heterogeneity, may be present.20 It is currently unknown
whether these subvolumes in individual tumours differ in their
radiation response. In HNSCC, Minn et al37 and Allal et al45

demonstrated that pre-therapeutic 18F-FDG uptake above the
median value was associated with poor local tumour control.
Both authors concluded that patients with high pre-therapeutic
18F-FDG uptake should be considered at increased risk of
failure and might benefit from more aggressive multimodality
treatment options early during the course of disease. 18F-FDG
uptake or decrease in uptake during the first 2 weeks of

chemoradiation showed a significant association with treat-
ment outcome in patients with head and neck cancer.20,46 By
contrast, Castaldi et al47 could not confirm a predictive role of
“early” metabolic response in HNSCC. They found a statisti-
cally significant correlation only with the 18F-FDG PET after
the end of treatment. The small sample size and heterogeneity
of the population may limit interpretation of their data. Sim-
ilarly, inconsistent results have been reported on the role of
baseline and longitudinal 18F-FDG-PET in predicting treat-
ment outcomes in patients with NSCLC.48,49 Considering the
possibility of modifying the initially chosen therapeutic ap-
proach, however, PET-tracer-guiding treatment alterations
early in treatment is mandatory, increasing tumour control
probability and preventing patients suffering from potentially
unnecessary side effects.

Much effort has been undertaken to develop and improve non-
invasive methods for detecting hypoxia by different imaging mo-
dalities including PET. FMISO was the first radiotracer proposed
for detecting hypoxia with PET50 and has been evaluated
clinically.13,14,33 Intertumoral pre-treatment uptake of hypoxia PET
tracers has been found in several studies to be prognostic for
response to radiotherapy in patients with head and neck
cancer.12,13,21,23,29,32,34,40,51,52 It is also well recognized that uptake
of hypoxia PET tracers in individual patients shows pronounced
heterogeneity, even though it is yet unclear whether this obser-
vation has prognostic value for achieving local control in specific
tumour subvolumes.21 Far more difficult than to study the impact
of hypoxia on outcome in different patients is to investigate also
whether information on intratumoral heterogeneity within an
individual tumour can be used for the selection of optimal treat-
ment such as combination of radiotherapy with hypoxia modifiers
or biologically individualized radiation treatment such as “dose
painting”.53,54 However, it is yet unknown whether the biologically
individualized treatment based on hypoxia tracer uptake would
result in improved local tumour control. During the past decades,
controlled clinical trials demonstrated that some of these strategies
to overcome tumour hypoxia were able to improve the effect of
radiotherapy.55 Other methods are currently being assessed in large
international multicentre studies.56,57

FUNCTIONAL BIOIMAGE-TAILORED
RADIOTHERAPY FOR HEAD AND NECK CANCER
AND NON-SMALL-CELL LUNG CANCER
The integration of 18F-FDG PET/CT fusion imaging into ra-
diation treatment planning by taking into account the meta-
bolic and biological characteristics of tumours has been
demonstrated to have significant impact on the selection and
delineation of irradiation treatment volumes in HNSCC and
NSCLC.46,58–64 However, integration of PET images into the
radiotherapy planning process in routine practice should be
carried out with caution because of uncertainties about tumour
segmentation.65,66 Considering radiation field adaption based
on serial 18F-FDG-PET during radiation, data interpretation
can be hampered by the inflammatory response of normal
tissue, especially in HNSCC.38

Since the introduction of the concept of dose painting of biological
image-defined regions within a target, two methods have been
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proposed: dose painting by contours and dose painting by
numbers.54,67,68 The former prescribes dose within biological image-
defined contours of the target (subvolume boosting). The latter
prescribes dose to voxels throughout the target as a function of signal
intensity of the corresponding voxel in a biological image69. Bent-
zen54 described the potential of molecular and functional imaging for
prescription of the distribution of radiation dose in three dimensions
and time “theragnostic” (therapeutic and diagnostic) imaging in
radiation oncology. Dose painting by numbers relies directly on
theragnostic imaging to produce a prescribed dose map. Adaptive
dose painting aims to use imaging as a biomarker of (local) response,
typically derived from repeat imaging during radiotherapy compared
with a scan at baseline (before start of treatment). This response map
is then used as the input map to adapt the delineated target volume
or, in case of dose painting by numbers, the dose distribution so that
relatively more dose is applied in regions showing poor response.

The idea of adaptation of the target volume during the course
of the radiation treatment, which would allow for a reduction
of the treated volume as radiotherapy progresses and help to

spare healthy tissue has been shown in proof-of-principle
studies.70,71 With conventional dose prescriptions, Geets et al70

noted no reduction in radiation dose to the unintentionally
irradiated organs at risk, but this approach could be especially
helpful in combination with dose escalation strategies. Never-
theless, adaptive PET-guided radiotherapy remains an attrac-
tive approach, but the safety and clinical effect remain to be
shown in clinical studies. The multicentre randomized Phase II
PET Boost trial in NSCLC (PET Boost, NCT01024829) thus far
has reported no increase in toxicity.72 Moreover, a Phase III
randomized study in HNSCC is investigating the redistribution
of the radiation dose to the metabolically most 18F-FDG-PET-
avid part of the tumour (ARTFORCE, ClinicalTrials.gov
identifier: NCT0150481573).

Clinically so far, only the feasibility of inhomogeneous hyp-
oxia dose-painting strategies in tumour subvolumes has been
investigated in planning studies. In a Phase I clinical trial, the
dose could be homogeneously escalated inside 18F-FDG-PET-
defined contour, and treatment was well tolerated in 41

Figure 2. [18F]fluorothymidine (FLT) positron emission tomography/CT before therapy (a, d), in the second week of therapy (b, e)

and in the fourth week of therapy (c, f). The first example (a–c) shows slow decrease in FLT uptake (cT4N2bM0 supraglottic

laryngeal carcinoma treated with chemoradiotherapy; local recurrence after 7 months; later distant metastases) and the second one

(d–f) fast decrease (cT3N1M0 supraglottic laryngeal carcinoma treated with radiotherapy only; no tumour-related event after

32months of follow-up). For gross tumour volume (GTV)VIS (green), three dimensional volume change was 18% between A and B,

–35% between A and C, –60% between D and E, and –66% between D and F. For GTVSBR (yellow), three-dimensional volume change

was 17% between A and B, 14% between A and C, –44% between D and E, and 122% between D and F. For GTV50% (red), three-

dimensional volume change was 111% between A and B, 1102% between A and C; 130% between D and E, and 1247% between D

and F. The maximum standardized uptake value changed by –35% between A and B, –70% between A and C, –58% between D and E,

and –69% between D and F. Reprinted from Hoeben et al17 with permission from the Society of Nuclear Medicine and Molecular

Imaging Inc.

BJR C Jentsch et al

4 of 12 birpublications.org/bjr Br J Radiol;88:20150014

http://birpublications.org/bjr


patients with locally advanced HNSCC.32 Following Phase I,
studies demonstrated the feasibility of adaptive 18F-FDG-
PET-voxel intensity-based intensity modulated radiotherapy
(IMRT) using dose painting by numbers in patients with head
and neck cancer as well the feasibility of using deformable
image co-registration of a three-phase adaptive 18F-FDG-
PET-guided dose painting by numbers tool.74,75

In a recent Phase I clinical trial, a dose escalation in 18F-FDG
regions and dose painting by numbers approach (i.e. dose
prescription to voxels as a function of signal intensity of the
corresponding voxel in a biological image) was used for ad-
aptation of radiation treatment volumes based on 18F-FDG-
PET/CT-detected biological and anatomical changes at the end
of the second week of treatment. With acceptable acute tox-
icity, the approach resulted in a significant reduction of target
volumes in patients with head and neck cancer.74 Besides,
a prospective randomized Phase II trial is currently in-
vestigating adaptive dose painting by numbers based on 18F-
FDG-PET compared with standard IMRT in patients with
HNSCC (NCT01341535).

Additionally, it has been shown in 13 patients with head and
neck cancer that it was possible to deliver spatially variant doses
according to the dynamic FMISO-PET data while respecting the
dose constraints for normal tissues.39 Therefore, an ongoing
randomized clinical Phase II study in Tübingen, Germany, tests
the concept of individual hypoxia dose painting based on
FMISO-PET in patients with HNSCC (ClinicalTrials.gov iden-
tifier: NCT02352792).

These adaptive PET-guided radiotherapy strategies are expected
to result in an increase of local tumour control, but side effects
need to be monitored rigorously.

A few radiotherapy-planning studies have been conducted so
far on 18F-FDG-PET-based adaptive treatment in NSCLC.
The feasibility of boosting areas with residual 18F-FDG up-
take at mid-treatment or later during radiotherapy in NSCLC
is, however, controversial.76,77 Dose painting planning studies
in patients with NSCLC have recently been suggested to
improve tumour control probability, and clinical studies are
being conducted accordingly.78–80 However, so far no reports
are available that demonstrate that an increase in dose to
hypoxic subvolumes in individual tumours may improve
radiotherapy outcome. The only result reported so far is that
no increase in toxicity was observed in the aforementioned
PET Boost trial.72

Overall, these studies confirm the value of 18F-FDG-PET for
monitoring early treatment response and show the feasibility of
integrating PET for radiotherapy optimization before initiation
of treatment and/or early during therapy. The optimal time
points of imaging, that is, before or during treatment, for ac-
curate response prediction and subsequent modifications or
adaptation of treatment protocols need to be defined. In
a number of clinical studies, it has been shown that changes in
18F-FDG uptake during (chemo)radiotherapy may better cor-
relate with treatment outcome than baseline measurements.

One concern in the development of hypoxia-directed dose
painting is the spatiotemporal stability of the PET hypoxia map.
Already the pioneering FMISO-PET study by Koh et al81 showed
PET-detected reoxygenation in some but not all tumours in-
vestigated. Spatial variability has also been shown in a subset of
HNSCC tumours in scan–rescan studies conducted before the
onset of radiation therapy.82,83 Conversely, Lee et al84 found that
boosting the dose to the hypoxic subvolume on one scan would
still lead to a substantial additional dose to the subvolume that
was found to be hypoxic on the repeat FMISO-PET scan. For the
novel hypoxia PET tracer, HX4, repeat scans were found to be
reproducible and spatially stable in HNSCC.85

The magnitude of the required dose to control disease in PET
hypoxic regions is not clear. Simplistic estimates based on
in vitro oxygen enhancement ratios are likely to be gross over-
estimates of the dose required in human tumours. Interestingly,
in this context, Lee et al86 found excellent locoregional tumour
control in a series of 20 patients after standard chemoradiation
therapy despite the presence of PET-detected hypoxia in the
primary tumour or in positive nodes at baseline or during
fractionated therapy in 18 of these cases.

A recent development in the evaluation of bioimaging is the
extraction of radiomics features from CT and PET scans and
their correlation with clinical outcome. Elegantly, Aerts et al87

performed a radiogenomics analysis and found a prognostic
radiomic signature, capturing intratumour heterogeneity, to be
associated with underlying gene-expression patterns in both
HNSCC and NSCLC. Furthermore, the same group found CT-
based radiomics features to predict distant metastasis in ade-
nocarcinoma of the lung.88 Numerous hypotheses concerning
radiomics will most certainly be tested in the nearby future,
further tailoring the individual patient’s treatment.

ONGOING CLINICAL STUDIES EVALUATING
BIOIMAGE-GUIDED ADAPTIVE RADIOTHERAPY IN
HEAD AND NECK AND LUNG CANCER
Clearly, prospective clinical trials in well-defined populations of
patients are needed to test whether redistribution or boosting of
radiation dose to metabolically active (i.e. 18F-FDG) or hypoxic
(i.e. FMISO) tumour subvolumes results in improved outcome
after (chemo)radiotherapy.

A currently recruiting Phase II clinical trial (NCT01341535)
illustrates the narrow therapeutic window for radiation dose
escalation in HNSCC. Standard IMRT is compared with adap-
tive 18F-FDG-PET voxel intensity-based IMRT or volumetric-
modulated arc therapy using repetitive per-treatment planning
18F-FDG-PET/CT scans for HNSCC. The investigators hypoth-
esize that treatment adaptation to biological and anatomical
changes, occurring during treatment, can increase the chance of
cure at minimized or equal radiation-induced toxicity in patients
with head and neck cancer.

A Phase III clinical study on 18F-FDG-PET in patients with HNSCC
randomizes between conventional or adaptive high-dose radio-
therapy in an international multicentre setting (NCT01504815).
Primary end points include locoregional recurrence-free
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survival and number of patients experiencing grade 3 or more
toxicity.

An ongoing randomized clinical Phase II study in Tübingen,
Germany, tests the concept of individual hypoxia dose paint-
ing in patients with HNSCC (ClinicalTrials.gov identifier:
NCT02352792). This clinical study hypothesizes that patients
can be stratified based on pre-treatment dynamic FMISO-PET/
CT into three different risk groups (low, intermediate and high)
and that dose escalation by 10% improves local control in the
group with intermediate risk. Alternatives to this approach in-
clude the application of hypoxic cell sensitizers or dose escala-
tion to the full macroscopic tumour in patients stratified by
hypoxia PET as having a low chance of local tumour control
after standard treatment.

In NSCLC, an ongoing international multicentre randomized
Phase II clinical trial investigates whether boosting of radiation
dose to the subvolume of the primary tumour with high pre-
treatment 18F-FDG uptake [50% maximum standardized uptake
value (SUVmax)] results in a better local progression-free sur-
vival than escalating the dose to the primary tumour as a whole
in patients with lung cancer (NCT01024829).

ROLE OF FUNCTIONAL MRI AND CT IMAGING IN
TREATMENT RESPONSE PREDICTION
MRI is a powerful modality for analysing morphological and
functional properties of the tumour and normal tissue. MRI has
received wide acceptance in diagnostics owing to its superior
contrast in soft tissues compared with CT. For this amongst
other reasons, for example, real-time in vivo tracking of the
target volume, MRI is currently gaining popularity as a modality
of choice for delineation of tumours for radiation therapy or
even as the only modality for treatment planning.89 In this re-
view, we will focus on the capabilities of MRI to characterize
functional properties of the tumour for prognosis, treatment
planning and response assessment.

MR spectroscopy
MR spectroscopy (MRS), that is, 1H-MRS and 31P-MRS, can
measure levels of cholin, creatine, lipids and lactate, which are
known to be prognostic markers, but the method is technically
challenging and has not been a widely utilized in the past
15 years.90

Diffusion weighted MRI
Diffusion-weighted MRI (DW-MRI) can estimate diffusion
levels of water molecules in tissue, which can be used to detect
and characterize malignancies. It was found that a high degree
of restriction of water diffusion correlates with increased cel-
lular density and extracellular space, a typical feature of can-
cerous tissues.91,92 For head and neck cancer, Hauser et al93

demonstrated that parameters derived from diffusion weight-
ing are prognostic (e.g. high value of perfusion-related pa-
rameter is associated with poor prognosis) and are changing
during therapy. Overall, an increase in diffusion-related co-
efficient, perfusion-related parameter and apparent-diffusion
coefficient (ADC) correlated with good outcome. Srinivasan
et al94 demonstrated significant differences in mean ADC

between patients showing positive and negative outcomes. Kim
et al95 showed in 33 patients that a pre-treatment ADC value of
complete responders was significantly lower than that from
partial responders or non-responders. Stratification of res-
ponders and partial or non-responders based on ADC value
was possible with a sensitivity of 65% and a specificity of 86%.
The same study showed that an increase in ADC within 1 week
of therapy is associated with complete response (86% sensi-
tivity and 83% specificity). At the same time, changes in nor-
malized tumour volumes of responders were not significantly
different from those of partial responders indicating higher
relevance of changes of diffusion restriction within the tumour
under therapy as compared with morphological volumetric
changes.

Several technical challenges exist for DW-MRI in the head
and neck region: (i) susceptibility, chemical shift and other
artefacts—owing to steep density profiles on tissue–air bor-
ders; (ii) motion artefacts—owing to head motion and
swallowing. There are several workarounds to decrease these
artefacts including the use of special sequences, reduction of
the imaging time and fixation devices.96 Absolute thresholds
of ADC values were used in the studies mentioned above in
order to stratify responding and non-responding patients.
However, these thresholds vary from study to study making it
difficult if possible to derive a generic imaging biomarker.
Additionally, most of the studies were based on mean ADC
value within the tumour, thus making the result dependent
on the segmentation quality. In summary, DW-MRI is
a promising though challenging technique for prognosis and
early response assessment to chemoradiotherapy in patients
with HNSCC.

Dynamic contrast-enhanced MRI
Dynamic contrast-enhanced MRI (DCE-MRI) is a technique
allowing the dynamic monitoring of the distribution of the
injected contrast agent within the region of interest. For this
technique, sequential MR scans are acquired before, during and
after injection of contrast agent. Modelling and analysis of contrast
agent concentration as a function of time allows for assessment of
tissue perfusion and permeability—highly relevant characteristics
describing tumour malignancy. There are several approaches for
analysis of DCE-MRI: a quantitative approach using pharmaco-
kinetic modelling, for example Toffs model,97,98 and a semi-
quantitative one using longitudinal analysis of DCE-MRI signal
intensity function, for example by means of DCE time–intensity
curve shape analysis.99 Two reviews on utilization of DCE-MRI in
HNSCC have recently been published.97,100 In summary, these
reviews show that DCE-MRI is a feasible modality for diagnosis
and as a source of prognostic markers in HNSCC. It is noteworthy
that the reviews also highlighted challenges of high interstudy
heterogeneity in DCE-MRI acquisition parameters, lack of
standardization, pharmacokinetic modelling issues and the
relatively small number of patients in the studies included in
the reviews, making DCE-MRI attractive but still a research
modality outside standard care.

Currently, several clinical trials are ongoing in order to assess the
value of DW-MRI and DCE-MRI in treatment of HNSCC, for
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example NCT00581906 (320 patients; risk stratification prognosis
before therapy based on MRI), NCT01829646 (120 patients;
Prediction of outcome after chemoradiotherapy for head and
neck cancer and tumour biology), NCT02273778 (MRI and PET-
CT for radiotherapy planning for head and neck cancer) and
NCT02031250 (Randomized Phase II study of DCE-MRI-based
dose escalation for poor-prognosis and neck cancer).

Becker and Zaidi101 have recently addressed the role of the hy-
brid PET/MRI in diagnosis and follow-up of patients with
HNSCC in a review article. The main identified challenges are
cross-modality registration, MRI artefacts, number and range of
additionally required MR sequences. Despite a promising
combination of morphological, functional and molecular in-
formation, hybrid PET/MRI still remains within the field of
challenging academic research.

CT perfusion
CT perfusion (CTp) is an imaging modality for quantitative
assessment of tissue perfusion based on a technique similar to

DCE-MRI; multiple CT scans are performed before, during
and after injection of an iodinated contrast medium. Advan-
tage of CTp over DCE-MRI is a linear correlation of signal
intensity with contrast agent concentration. The main disad-
vantage is ionizing radiation during multiple CT scans. Preda
et al102 reviewed studies of CTp for chemoradiation response
monitoring and prediction for HNSCC, concluding that blood
volume and blood flow may help in predicting response to and
monitoring of radiation and chemotherapy.

Only a few publications on prediction of NSCLC treatment re-
sponse based on DW-MRI, DCE-MRI or CTp were found. This
may be explained by the very challenging acquisition owing to
motion and highly variable tissue density in the lung region.
Regier et al103 studied the correlation between standard uptake
volume of 18F-FDG-PET and ADC of DW-MRI showing sig-
nificant inverse correlation between SUVmax and ADCmin. CTp
was shown to be effective for response assessment of anti-
angiogenic chemotherapy of NSCLC.104 Moreover, Wang et al105

showed that CTp can predict early tumour response and overall

Figure 3. Patient with a cT3N2M0 non-small-cell lung cancer of the right lower lobe undergoing chemoradiotherapy (23 3 2.75 Gy).

During the treatment course, a tumour regression (clinical target volume delineated in sky blue on the kV-cone beam CT images

projected in transverse direction, upper row) occurred when comparing kV-cone beam CT imaging at fractions 3 and 15. This

resulted in geometric and dosimetric discrepancies as detected by integrated three dimensional postal dosimetry (middle row).

From the dose–volume-histogram an increasing dose (blue) to the clinical target volume can be gathered. Image courtesy of Lucas

CGG Persoon, MAASTRO Clinic.
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survival, mentioning, however, that image quality was good or
moderate in only 68.2% of the cases.

Cone beam CT
Modern linear accelerators are frequently equipped with an
onboard cone beam CT. Apart from position verification prior to
and during radiotherapy, the images obtained can be used for
dose-guided radiotherapy. Based on this technique, treatment for
patients with HNSCC and NSCLC can be adapted, sustaining/
increasing the dose to the target volume, while keeping within the
normal tissue dose constraints (Figure 3).106,107 Apart from this,
attempts have been made to gather predictive information during
the course of therapy, ultimately tailoring the chosen therapeutic
approach.108

CONCLUSIONS AND FUTURE DIRECTIONS
Monitoring of early treatment response by non-invasive mo-
lecular imaging methods is a new and challenging research
area. PET tracers and functional MRI- and CT imaging-specific
biological tumour characteristics offer potential for in-
dividualized radiation therapy. As several of these tumour
characteristics represent crucial resistance mechanisms for ra-
diotherapy and chemotherapy, as well as for newer biologically
modifying molecules, the idea of adaptation of the target vol-
ume during the course of the radiation treatment, aiming to
increase long-term tumour cure and/or to reduce chronic
treatment toxicity, has been evolved. The optimal time points
of imaging, that is, before or during treatment, for accurate
response prediction and thereby for modifications or adaptation of
treatment protocols, need to be defined. Based on current research,
modulation of the radiation dose distribution according to specific
biological tumour characteristics in an individual tumour is likely
to be technically feasible at a level of spatial resolution comparable
to the voxel size in clinical PET images. Technical restrictions of
the resolution of clinical PET scanners and questions related to

segmentation of tumour and non-tumour signals are still chal-
lenging. Despite a promising combination of morphological,
functional and molecular information, hybrid PET/MRI still
remains within the field of challenging academic research. How-
ever, none of these strategies has been developed to a stage at
which it can be safely introduced into routine clinical practice yet.
There is an emerging need for standardization of imaging proto-
cols, image post-processing techniques and methods of extraction
of imaging biomarkers, especially for MRI. Robust, repeatable and
reproducible imaging protocols are crucial for validation of
promising imaging biomarkers and bringing them from research
into routine clinical practice. Important steps in this direction are
taken within the Quantitative Imaging Network co-ordinated via
the Cancer Imaging Program of National Cancer Institute.

Importantly, several clinical correlative studies and early clin-
ical trials addressing the complexity of dose-painting strategies
are currently ongoing. Strong data from the early clinical trials
will be required to motivate a Phase III trial with an adequate
sample size and complexity of the intervention in order to
validate the early clinical results whether redistribution or
boosting of radiation dose to tumour (sub)volumes results in
improved radiotherapy outcome. Therefore, a multicentre or
co-operative group format with standardized imaging proto-
cols is mandatory to completed accrual of the calculated pa-
tient size within a reasonable time.

The development of new therapy strategies has only been possible
owing to the close interaction between nuclear medicine, radiology
and radiation oncology. It is essential to co-operate closely, and
research areas need to be addressed jointly by nuclear medicine,
radiology and radiation oncology. In the meantime, imaging
databases correlating features with outcomes on an anonymous
basis should be created, facilitating sharing of data, exchanging
of analysis methods and ultimately faster gathering of knowledge.
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65. Grégoire V, Bol A, Geets X, Lee J. Is PET-

based treatment planning the new standard

in modern radiotherapy? The head and neck

paradigm. Semin Radiat Oncol 2006; 16:

232–8.

BJR C Jentsch et al

10 of 12 birpublications.org/bjr Br J Radiol;88:20150014

http://dx.doi.org/10.1016/j.radonc.2006.07.033
http://dx.doi.org/10.1016/j.ijrobp.2008.07.019
http://dx.doi.org/10.1200/JCO.2008.19.3300
http://dx.doi.org/10.1200/JCO.2008.19.3300
http://dx.doi.org/10.1016/j.radonc.2008.01.009
http://dx.doi.org/10.1002/cncr.24493
http://dx.doi.org/10.3109/02841860903440270
http://dx.doi.org/10.3109/02841860903440270
http://dx.doi.org/10.1001/archoto.2009.152
http://dx.doi.org/10.1016/j.ijrobp.2003.12.039
http://dx.doi.org/10.1080/09553000903039180
http://dx.doi.org/10.1016/j.radonc.2012.03.001
http://dx.doi.org/10.1007/s00259-011-1838-5
http://dx.doi.org/10.2307/3576986
http://dx.doi.org/10.1038/nrclinonc.2012.171
http://dx.doi.org/10.1038/nrclinonc.2012.171
http://dx.doi.org/10.1200/JCO.2005.05.2878
http://dx.doi.org/10.1200/JCO.2005.05.2878
http://dx.doi.org/10.1038/nrc3007
http://dx.doi.org/10.1016/S1470-2045(05)01737-7
http://dx.doi.org/10.1200/JCO.2007.12.7878
http://dx.doi.org/10.1200/JCO.2007.12.7878
http://dx.doi.org/10.1016/j.radonc.2011.03.004
http://dx.doi.org/10.1148/radiol.2331030660
http://dx.doi.org/10.1016/j.radonc.2006.01.006
http://dx.doi.org/10.1016/j.radonc.2006.01.006
http://dx.doi.org/10.1002/hed.20179
http://dx.doi.org/10.1016/j.radonc.2006.09.011
http://dx.doi.org/10.1016/j.ctrv.2006.02.002
http://dx.doi.org/10.1016/j.ctrv.2006.02.002
http://dx.doi.org/10.1016/S1470-2045(09)70353-5
http://dx.doi.org/10.1016/j.radonc.2008.11.008
http://birpublications.org/bjr


66. Schinagl DA, Vogel WV, Hoffmann AL,

van Dalen JA, Oyen WJ, Kaanders JH.

Comparison of five segmentation tools for

18F-fluoro-deoxy-glucose-positron emis-

sion tomography-based target volume def-

inition in head and neck cancer. Int J Radiat

Oncol Biol Phys 2007; 69: 1282–9. doi:

10.1016/j.ijrobp.2007.07.2333

67. Ling CC, Humm J, Larson S, Amols H, Fuks

Z, Leibel S, et al. Towards multidimensional

radiotherapy (MD-CRT): biological imaging

and biological conformality. Int J Radiat

Oncol Biol Phys 2000; 47: 551–60. doi:

10.1016/S0360-3016(00)00467-3

68. Galvin JM, De Neve W. Intensity modulat-

ing and other radiation therapy devices for

dose painting. J Clin Oncol 2007; 25:

924–30. doi: 10.1200/JCO.2007.10.6716

69. Vanderstraeten B, De GersemW, Duthoy W,

De Neve W, Thierens H. Implementation of

biologically conformal radiation therapy

(BCRT) in an algorithmic segmentation-

based inverse planning approach. Phys Med

Biol 2006; 51: N277–286. doi: 10.1088/

0031-9155/51/16/N02

70. Geets X, Tomsej M, Lee JA, Duprez T, Coche

E, Cosnard G, et al. Adaptive biological

image-guided IMRT with anatomic and

functional imaging in pharyngo-laryngeal

tumors: impact on target volume delineation

and dose distribution using helical tomo-

therapy. Radiother Oncol 2007; 85: 105–15.

doi: 10.1016/j.radonc.2007.05.010

71. Henriques de Figueiredo B, Barret O,

Demeaux H, Lagarde P, De-Mones-Del-

Pujol E, Kantor G, et al. Comparison

between CT- and FDG-PET-defined target

volumes for radiotherapy planning in head-

and-neck cancers. Radiother Oncol 2009; 93:

479–82. doi: 10.1016/j.radonc.2009.09.010

72. van Elmpt W, De Ruysscher D, van der Salm

A, Lakeman A, van der Stoep J, Emans D,

et al. The PET-boost randomised phase II

dose-escalation trial in non-small cell lung

cancer. Radiother Oncol 2012; 104: 67–71.

doi: 10.1016/j.radonc.2012.03.005

73. Heukelom J, Hamming O, Bartelink H,

Hoebers F, Giralt J, Herlestam T, et al.

Adaptive and innovative radiation treatment

for improving cancer treatment outcome

(ARTFORCE); a randomized controlled

phase II trial for individualized treatment of

head and neck cancer. BMC Cancer 2013;

13: 84. doi: 10.1186/1471-2407-13-84

74. Duprez F, De Neve W, De GersemW, Coghe

M, Madani I. Adaptive dose painting by

numbers for head-and-neck cancer. Int J

Radiat Oncol Biol Phys 2011; 80: 1045–55.

doi: 10.1016/j.ijrobp.2010.03.028

75. Berwouts D, Olteanu LA, Duprez F,

Vercauteren T, De Gersem W, De Neve W,

et al. Three-phase adaptive dose-painting-

by-numbers for head-and-neck cancer:

initial results of the phase I clinical trial.

Radiother Oncol 2013; 107: 310–16. doi:

10.1016/j.radonc.2013.04.002

76. Gillham C, Zips D, Pönisch F, Evers C,

Enghardt W, Abolmaali N, et al. Addi-

tional PET/CT in week 5-6 of radio-

therapy for patients with stage III non-small

cell lung cancer as a means of dose

escalation planning? Radiother Oncol 2008;

88: 335–41. doi: 10.1016/j.

radonc.2008.05.004

77. Feng M, Kong FM, Gross M, Fernando S,

Hayman JA, Ten Haken RK. Using fluo-

rodeoxyglucose positron emission tomog-

raphy to assess tumor volume during

radiotherapy for non-small-cell lung can-

cer and its potential impact on adaptive

dose escalation and normal tissue sparing.

Int J Radiat Oncol Biol Phys 2009; 73:

1228–34. doi: 10.1016/j.

ijrobp.2008.10.054

78. De Ruysscher D, Wanders S, Minken A,

Lumens A, Schiffelers J, Stultiens C, et al.

Effects of radiotherapy planning with

a dedicated combined PET-CT-simulator of

patients with non-small cell lung cancer on

dose limiting normal tissues and radiation

dose-escalation: a planning study. Radiother

Oncol 2005; 77: 5–10. doi: 10.1016/j.

radonc.2005.06.014

79. van Baardwijk A, Bosmans G, Boersma L,

Buijsen J, Wanders S, Hochstenbag M, et al.

PET-CT-based auto-contouring in non-

small-cell lung cancer correlates with pa-

thology and reduces interobserver variabil-

ity in the delineation of the primary tumor

and involved nodal volumes. Int J Radiat

Oncol Biol Phys 2007; 68: 771–8. doi:

10.1016/j.ijrobp.2006.12.067

80. van Der Wel A, Nijsten S, Hochstenbag M,

Lamers R, Boersma L, Wanders R, et al.

Increased therapeutic ratio by 18FDG-PET

CT planning in patients with clinical CT

stage N2-N3M0 non-small-cell lung cancer:

a modeling study. Int J Radiat Oncol Biol

Phys 2005; 61: 649–55. doi: 10.1016/j.

ijrobp.2004.06.205

81. Koh WJ, Rasey JS, Evans ML, Grierson JR,

Lewellen TK, Graham MM, et al. Imaging

of hypoxia in human tumors with [F-18]

fluoromisonidazole. Int J Radiat Oncol Biol

Phys 1992; 22: 199–212. doi: 10.1016/0360-

3016(92)91001-4

82. Nehmeh SA, Lee NY, Schröder H, Squire O,
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