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ABSTRACT. With the increasing use of positron emission tomography (PET) for disease
staging, follow-up and therapy monitoring in a number of oncological indications
there is growing interest in the use of PET and PET–CT for radiation treatment
planning. In order to create a strong clinical evidence base for this, it is important to
ensure that research data are clinically relevant and of a high quality. Therefore the
National Cancer Research Institute PET Research Network make these
recommendations to assist investigators in the development of radiotherapy clinical
trials involving the use of PET and PET–CT. These recommendations provide an
overview of the current literature in this rapidly evolving field, including standards for
PET in clinical trials, disease staging, volume delineation, intensity modulated
radiotherapy and PET-augmented planning techniques, and are targeted at a general
audience. We conclude with specific recommendations for the use of PET in
radiotherapy planning in research projects.
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General

An International Atomic Energy Agency (IAEA)
expert panel concluded that there is a strong case for
the routine clinical use of fluorine-18 (18F) fludeoxyglu-
cose (FDG) positron emission tomography (PET) in
radiotherapy planning for non-small cell lung cancer,
and cautious use should be considered in a variety of
other tumour types [1]. However, the non-critical use of
PET to reduce treatment volumes could impair rather
than improve prognosis [2]. While recommendations as
to the routine clinical use of PET in radiotherapy are
beyond the scope of this document, such recommenda-
tions will require a solid evidence base only achievable
through the early adoption of standards for clinical trials.
Those requiring further information on either PET or
radiotherapy are directed elsewhere [3, 4].

Standards and accreditation of positron
emission tomography systems and scanning
sites

Quantitative analysis of PET images can complement
visual interpretation and provide an objective measure
useful in prediction of response or response assess-
ment [5]. The most widely accepted measure, standar-
dised uptake value (SUV), is defined as the concentration
of tracer in tissue divided by the injected activity
normalised to patient weight [6]. In the case of FDG

PET, SUV provides a simple, semi-quantitative index of
glucose metabolism. There are numerous sources of vari-
ation and error that affect SUV [5] and it is recommended
that PET protocols are standardised across scanning sites
that comply with minimum standards, such as those
published by the European Association of Nuclear
Medicine [7]. The National Cancer Research Institute
(NCRI) PET Research Network has implemented stan-
dards and a site accreditation procedure for UK sites
participating in multicentre trials (www.ncri-pet.org.uk),
and these are generally applicable to radiotherapy trials.
The NCRI Radiotherapy Clinical Trials Quality
Assurance Group sets the standard of quality control
(QC) for radiotherapy clinical trials (www.rttrialsqa.org.
uk). Through links with the NCRI Clinical and
Translational Radiotherapy Research Working Group
(CTRad) and the NCRI PET Research Network, further
guidance for the use of PET in radiotherapy trials will be
developed.

Disease staging

FDG PET is a whole-body scanning technique that has
greater sensitivity and specificity for nodal staging than
CT or MRI in many tumour types [8]. Pre-treatment
staging with FDG PET can change therapeutic intent
from curative to palliative in up to one-third of patients,
and the up-staging of patients with a poorer prog-
nosis following PET and their exclusion from ongoing
radiotherapy trials can result in an artificial improve-
ment in the outcome of the trial group (this is known as
the ‘‘Will Rogers effect’’ [9]). Therefore, to avoid possible
bias in trials evaluating the use of PET for volume
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delineation compared with conventional techniques, it is
essential that patients in the control and experimental
arms are staged in exactly the same way. Trials
evaluating the value of PET staging against treat-
ment outcome must pay particular attention to this
aspect of the study design as it may be unethical not to
include this additional information in the treatment plan.

Correct staging and careful selection of subjects for
inclusion will provide a homogeneous group that im-
proves the statistical power of radiotherapy trials if
rigorous and consistent imaging protocols are enforced.

Volume delineation

The first step in planning external beam radiotherapy
is the accurate definition of a number of target volumes.
These volumes, defined by the International Commission
on Radiation Units and Measurements (ICRU) [10–12],
are:

N Gross tumour volume (GTV) represents the confirmed
tumour that is palpable or visible on physical or
radiological examination. More specifically, the terms
GTV-T (primary tumour), GTV-N (nodal disease) or
GTV-M (metastatic disease) can be used.

N Clinical target volume (CTV) is the GTV plus margins
that represent subclinical disease.

N Planning target volume (PTV) encloses the CTV
within margins that account for physical uncertainty
in shape measurement, motion and distortion during
treatment, and errors in patient positioning and set-up
[13]. Once established, the PTV should not be
modified. The concept of a planning organ at risk
volume (PRV) has been introduced to allow for
positional and other uncertainties that also apply to
organs at risk. However, the PRV is relevant only for
serial architecture structures, particularly the spinal
cord, brainstem or other neural structures, and its use
is discouraged for parallel architecture structures.
Where a conflict arises between the dose to the PTV
and a critical normal structure, or its associated PRV,
this should be controlled by altering the dose–volume
planning constraints, in discussion with the prescri-
bing clinician [14].

N Biological target volume (BTV) is a recent term
introduced to define a treatment volume based upon
information derived from functional imaging [15].
While the term is popular within nuclear medicine
literature, the ICRU advises against its usage [12] in
favour of GTV-T with a label to specify the imaging
modality and treatment point. For example: GTV-T
(MRI T2, 0 Gy) would be a GTV evaluated with a T2

weighted MRI scan before treatment, GTV-T (fluor-
omisonidazole PET, 30 Gy) could refer to the same
tumour evaluated with fluoromisonidazole PET after
an absorbed dose of 30 Gy. If the use of BTV persists
the ‘‘type’’ should always be specified.

Conventional radiotherapy with its ‘‘brick-shaped’’
treatment field and significant irradiation of normal
tissue was superseded in the 1990s by the introduction
of CT-based conformal radiotherapy (3D-CRT). This uses
a number of collimated external beams to tailor the

irradiated field to the shape of the tumour volume as
defined according to the appearance of anatomical struc-
tures on a CT scan acquired with the patient immobilised
in the treatment position. Increased conformance of the
delivered dose to the planned volume in this way allows
the use of dose escalation; however, this cannot
compensate for inadequacies in tumour imaging that
result in an inaccurate plan [1].

Given PET and CT data, a conservative algorithm for
the modification of the CT-based GTV runs as follows:
draw tumour outlines according to established practice
(e.g. along anatomical boundaries depicted on CT). If a
lymph node is visualised with PET and PET is known to
be more specific than CT, it might be legitimate to
enlarge the treatment volume to include this node. If a
lymph node is not visualised with PET and it is known
that PET is more sensitive than CT, it might be legitimate
to decrease the target volume to exclude this node [16],
subject to circumspect recommendations of the treating
clinician and established clinical protocols. Inclusion of
small (,5 ml) structures (i.e. lymph nodes) should be
based upon detectability rather than SUV [2]. This
should be considered the elementary model of PET-
augmented radiotherapy.

No attempt should be made to define volumes based
solely upon segmented PET data [17] and threshold-
based methods for PET volume delineation should be
avoided [18]. There is no consensus as to which of the
many available algorithms performs best and no auto-
matic delineation technique should be regarded as a
reliable standard. Expert manual delineation by a clinical
oncologist working with a nuclear medicine physician is
recommended [2]. Image display protocols may vary
depending on the specific hardware and software used,
and further work is required to standardise across
systems. Settings (intensity threshold, colour table,
fusion opacity, etc.) should be optimised and the
acquisition of a small training cohort to be delineated
at all participating sites is recommended.

It is widely accepted that the use of PET–CT for
volume definition increases reproducibility compared
with CT alone [1], but is still subject to a degree of
interobserver variability. Multicentre trials may consider
the use of carefully validated automated delineation
tools with the addition of manual contour editing, and
these can reduce this variability still further [19].
However, adherence to a rigorous contouring protocol
also promotes excellent conformity [20] and researchers
are reminded that ‘‘fully automated contouring can
sometimes be 100% reproducible but 100% wrong’’ [21].

Physiological motion will adversely affect accurate
volume delineation. Time-averaged PET images that
inherently account for periodic motion may be useful in
determining tumour margins but are subject to CT
attenuation correction artefacts. Potentially, four-dimen-
sional (4D) PET–CT will provide quantitative PET data
suitable for use in 4D radiotherapy, but these techniques
are still at the experimental stage and it is unclear how
corrected data should be integrated into the planning
process.

However volumes are delineated it should be remem-
bered that PET SUV is not an absolute property of a
tumour but a broad reflection of tracer bio-distribution
imaged on a single occasion with a specific scanner
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following a particular protocol. Reproducible results can
be achieved provided established protocols are rigor-
ously adhered to.

Intensity-modulated and image-guided
radiotherapy

Accurate target definition is a prerequisite of intensity-
modulated radiotherapy (IMRT), which offers a major
improvement over 3D-CRT in terms of conformance of
treatment volume to planned volume and allows a
consequent dose escalation within the tumour volume.

The use of IMRT for the treatment of tumour sub-
volumes with particular radio-characteristics delineated
using PET, known as dose-painting, is an active area
of research. Current research focuses on imaging of
hypoxia with novel PET tracers, but there is no con-
sensus on how best to define these subvolumes or how to
integrate these subvolumes into treatment plans.

Image-guided radiotherapy (IGRT), which utilises
imaging to monitor tumour motion and modify the
treatment volume over the course of therapy, allows a
reduction in planning margins (,5 mm versus 10 mm).
This margin reduction makes the accurate alignment of
PET and planning CT particularly important, but it
should be noted that the delineation of 1 mm margins
with an image resolution in PET of 7–9 mm is not
expected to be successful [22].

Indirect planning

Indirect planning combines the PET (or PET–CT) data
with a planning CT acquired on a separate occasion.
Most modern planning systems support PET or MRI-
augmented CT-guided planning [23], albeit to a limited
extent. There are logistical and financial [3] reasons why
indirect planning may be the preferred option. Often the
PET data will have to serve for both disease staging and
tumour delineation, and this places restriction upon the
timing of the acquisition within the treatment pathway
and the use of immobilisation devices which are not
prepared until a decision to treat has been taken. It has
been recommended that a dedicated planning PET–CT
scan is acquired for fusion with a planning CT once
custom-made immobilisation devices have been pre-
pared [24].

Image registration techniques that align PET and
planning CT require careful validation on a per applica-
tion basis. The results of image registration depend upon
the correct use of custom-made immobilisation devices,
and rigid-body PET to planning CT registration errors of
a few millimetres [25, 26] are to be expected. Non-rigid
algorithms may be able to account for a degree of
interscan motion, but these techniques have not been
widely validated, particularly for PET data, and should
be used with caution. If PET–CT is available, use of the
CT component may provide a more accurate registration
to the planning CT, but this assumes accurate alignment
of the PET and CT gantries, synchronisation of respira-
tory phase and reproducible scanning couch motion. The
alignment errors associated with indirect planning may

make it unsuitable for advanced IMRT applications such
as dose-painting.

Direct planning

If PET–CT data are available from a scanner that has
passed the QC requirements for radiotherapy planning,
the CT component of the PET–CT scan can replace the
CT planning scan altogether. The QC requirements for
radiotherapy planning PET–CT typically include provi-
sion of external lasers and careful assessment of scanner
couch motion. This is termed direct planning.

In addition to the standard QC required for quantita-
tive PET–CT and the adoption of radiotherapy CT-
simulator QC protocols [27] for the scanner and room
lasers, the PET–CT gantry alignment must be confirmed,
and data transfer and display, including any Digital
Imaging and Communications in Medicine (DICOM)
radiotherapy objects, within the treatment planning
system must be validated. CT acquisition parameters
should be matched to established protocols, but the
recent introduction of PET–CT scanning in many centres
may mean that the CT hardware specification exceeds
that available within the existing planning environment.

Direct planning assumes that the patient has received
a previous staging scan with a dedicated planning scan
acquired following the preparation of immobilisation
devices. Within IGRT there is a move towards ‘‘repro-
ducible patient positioning’’ rather than strict immobili-
sation, but this will still require a degree of pre-planning
preparation. Radiotherapy-trained radiographers should
be involved throughout and their workflow should be
tailored to minimise staff radiation dose [28]. Despite the
increased logistical challenges, direct planning remains
the preferred option.

Specific recommendations

(1) PET data should only be acquired at scanning sites
that comply with defined standards for quantita-
tive PET studies. Strict scanning protocol adhere-
nce must be enforced and routine scanner QC
(including PET–CT gantry alignment checks) per-
formed.

(2) Subjects should be accurately staged, preferably
with PET, before entering any radiotherapy trial
that assesses PET treatment volume delineation
with respect to patient outcome.

(3) An approach that uses PET findings to include or
exclude structures defined on the CT-based plan
is preferred for clinical (non-technical) studies.
Lymph nodes should be included according to
detectability rather than SUV.

(4) Automated delineation techniques (particularly
those based upon fixed intensity thresholds)
should be avoided, but may be assessed as part
of a parallel trial. Pre-validated algorithms may be
appropriate, subject to manual editing and visual
confirmation, where the reduction of interobserver
variability is particularly important.
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(5) Treatment volumes should be delineated by a
clinical oncologist working in cooperation with an
experienced nuclear medicine physician or radi-
ologist trained in PET. Image display and contour
delineation protocols should be standardised
across centres on a per-trial basis and the acquisi-
tion of a small training cohort is advised.

(6) Indirect planning should be performed on a PET
scan acquired for that specific purpose while the
patient is immobilised in the treatment position.
Scanner adaptations, including a flat couch top, are
essential.

(7) Registration algorithms used for indirect planning
should be validated on a per-application basis.
Non-rigid algorithms should be used with caution.

(8) If PET–CT is used for direct planning, the scanner,
software and protocols, patient couch and external
lasers should be integrated into the local oncology
quality management system to ensure that there is
an agreed understanding of QC requirements.

(9) Transfer of PET, CT and radiotherapy (DICOM-RT)
data and subsequent display within the treatment
planning system should be validated with phan-
tom measurements.

(10) Direct planning is preferred for ‘‘higher accu-
racy’’ applications such as IMRT, IGRT and dose-
painting.
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