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CT X-ray Computed Tomography

CTAC (low dose) CT performed for Attenuation- and scatter Correction of
the PET-image

CT-TV CT-only based Target Volume

CTV Clinical Target Volume

EANM European Association of Nuclear Medicine

EARL EANM Research Ltd.

EORTC European Organisation for Research and Treatment of Cancer

ESTRO European SocieTy for Radiotherapy and Oncology

FBP Filtered Backprojection Reconstruction Algorithm

["*FIFDG 2-[8F]fluoro-2-deoxy-D-Glucose

GTV Gross Tumour Volume

HNSCC Head-and-Neck Squamous Cell Carcinoma

LOR Line-Of-Response

MRI Magnetic Resonance Imaging

NSCLC Non-Small Cell Lung Carcinoma

OAR Organs At Risk

OSEM Ordered Subsets Expectation Maximisation reconstruction algorithm

PET Positron Emission Tomography

PET-AS Automatic Segmentation of contours in PET

PET-TV PET(/CT)-based Target Volume

Planning-CT

(High dose, contrast-enhanced) CT performed for radio therapy
treatment planning purpose

PTV Planning Target Volume

STAPLE Simultaneous Truth and Performance Level Estimate
SUV Standardised Uptake Value

SCLC Small Cell Lung Carcinoma

1.1 Introduction

High-precision radiotherapy is of increasing importance in oncological treatment,
by striving for higher effectiveness and decreasing side effects by more conformal
dose delivery. This can be accomplished by new X-ray photon radiotherapy tech-
niques, including volumetric-modulated arc therapy (Chap. 5) and intrafraction
adaptation using the magnetic resonance-based linear accelerator (Chaps. 6 and 7),
by particle therapy (protons, carbon ions; Chap. 10), or by highly precise target
volume definition, which will be the focus of the current chapter.

Different phases can be distinguished in the development of a treatment plan.
First, accurate information about the localisation and extension of the tumour vol-
ume, with respect to its surroundings, should be obtained, the so-called gross tumour
volume (GTV). This information is obtained by a combination of different diagnos-
tic methods, including physical examination (visual inspection, palpation), medical
imaging [endoscopy, (endo)ultrasonography, computed tomography (CT), mag-
netic resonance imaging (MRI), and positron emission tomography (PET)], and
cytology or histopathology. Second, the information of these different modalities
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needs to be properly co-registered to the CT scan used for treatment planning pur-
poses. Third, the target volumes are defined on the planning CT: GTV is defined as
the tumour visible (or palpable) on physical examination or imaging. The clinical
target volume (CTV) takes into account the microscopic tumour extension and the
planning target volume (PTV) includes additionally systematic and random setup
inaccuracies, resulting in the volume to be irradiated. These margins make the plan-
ning more reliable, but also account for a smaller therapeutic window [1]. The defi-
nitions of the target volumes are defined in International Commission on Radiation
Units and Measurements (ICRU) Report 50 [2]. Also, the organs at risk (OAR), in
which the radiation dose is to be maximally reduced, are segmented on the images.
Finally, a treatment plan is generated, taking into account geometric (e.g. motion,
patient setup-variability) and physical (e.g. particle range) uncertainties.

Image contrast in the planning-CT, which is ideally acquired in radiotherapy posi-
tion, is determined by differences in photon attenuation of various tissues and thereby
delivers anatomical (geometrical) information. The (semi)quantitative information on
photon attenuation can be used to estimate the behaviour of high-energy photons in
human tissues and thus to reliably calculate radiation treatment plans. CT, however,
suffers from limited soft-tissue contrast, which can for a limited extent be overcome by
the addition of intravenous iodinated contrast media. Additional imaging by other
imaging modalities can assist in more accurate segmentation of the target volume. MRI
is based on a different physical property of tissues: its nuclear magnetic spin resonance.
Conventional MRI-sequences result in anatomical images of higher soft tissue con-
trast, compared to CT, but might, just as CT, be flawed by artefacts including magnetic
susceptibility (metal implants), geometrical distortions, motion and flow (perfusion).

PET provides biological information of the tumours and organs at risk, which
can be co-registered to the anatomical domain of CT or MRI. Current standard-of-
care is the combination of PET with CT. Although PET/MRI is currently available,
clinical application in radiotherapy planning is not yet widely implemented due to
technical challenges, such as accurate MRI-based attenuation correction of the PET-
images (see later) and geometrical distortions of the MRI [3-5]. Which biological
information is obtained by PET-imaging depends on the administered radiopharma-
ceutical (“tracer”). This chapter will cover the use of the most widely used PET-
radiopharmaceutical 2-['8F]fluoro-2-deoxy-p-glucose (['*F]FDG). The usage of this
specific radiopharmaceutical can be assumed when PET is mentioned in the remain-
der of this chapter. Chapter 2 will cover the use of PET tracers beyond ['*F]FDG.

To gain insight into the additional value of PET in target volume delineation
(TVD), first, the basic principles of PET/CT and the radiopharmaceutical ['*F]FDG
will be discussed, followed by the image acquisition and reconstruction techniques,
including methods for motion control (“Technical Aspects”). The role of [*FIFDG
PET/CT in tumour volume and lymph node segmentation, together with its value in
different disease sites will be discussed in “Target volume delineation”. The influ-
ence of the applied segmentation method is discussed in “PET/CT segmentation
methods” and the risks and disadvantages of the application of PET will be high-
lighted in section “Cons and pitfalls”. The chapter will end with a future perspective
on the role of ['*F]FDG PET/CT in treatment planning.

Out of the scope of this chapter is the established role of ['"FJFDG PET/CT in
determining the extent of different oncological diseases (staging), the use of
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['*F]FDG PET/CT as prognostic biomarker and predictor of treatment response and
its role in detection of tumour recurrence after treatment (follow-up).

1.2  [®FIFDG PET/CT
1.2.1 PET/CT

The unstable nucleus of the isotope bound to the radiopharmaceutical, fluorine-18 in
the case of ['F]FDG, emits a positron () when it decays. This positron will slow
down in the tissue around its origin and will interact with any of the electrons ()
in the tissue within a few millimetres from its origin. As positrons are the anti-
particles of electrons, collision of positrons and electrons will result in disappear-
ance of both particles, so-called annihilation, releasing energy in the form of two
(nearly) anti-parallel 511 keV photons. By detecting these coincident, paired pho-
tons with a PET-camera, a line can be derived on where the annihilation took place,
a so-called line-of-response (LOR). When enough LORs are measured, the origin of
the annihilation can be retraced using a reconstruction algorithm, resulting in the
spatial distribution of the radiopharmaceutical, i.e. a PET-image (Fig. 1.1). Most
current PET/CT scanners have time-of-flight capabilities that can register the arrival
time of each of both photons on a detector separately, allowing further localisation
(with a certain probability) of the point of annihilation on the LOR. Current clinical
scanners have time-of-flight coincidence timing resolutions below 210 ps, translat-
ing to a position uncertainty of less than 31.5 mm [6].

The magnitude of the signal depends on the number of degradations observed by
the camera. This in turn is dependent on the concentration of the radiopharmaceuti-
cal, thus the pharmacokinetics of the injected radiopharmaceutical and the probabil-
ity that a photon-pair is detected by the PET camera. The latter is, apart from
detector sensitivity and scanner geometry, mainly limited by photon absorption
(attenuation) in the tissue that both annihilation photons have to traverse before
reaching the detector ring, which can be measured by CT. Therefore, for the purpose
of attenuation correction and anatomical localisation, a low-dose CT is performed,
usually immediately prior to PET-acquisition.

In order to obtain images of acceptable image quality, sufficient LORs need to be
measured and, therefore, whole-body PET-acquisition is a time-consuming process,
typically in the order of 15-30 min, to keep the injected amount of radiopharmaceu-
tical, and thus the effective radiation dose for the patient, within reasonable limits.

1.2.2 ['®FIFDG

The most frequently used radiopharmaceutical for PET-imaging is ["*F]FDG [7].
The isotope "*F mainly (96.9%) decays by B*-emission, with a decay half-life of
109.7 min and a maximum (mean) positron energy of 634 (250) keV. The resulting
maximum (mean) positron range in water is 2.4 (0.6) mm before the annihilation,
localised by PET/CT, takes place [8].
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['F]FDG is a radiopharmaceutical analogue to glucose. ['*F]FDG is transported
by the blood stream, freely passes the vessel wall and extravascular extracellular
space similar to D-glucose, the natural occurring form of glucose. There it is actively
transported over the cellular membrane mainly by the sodium-dependent glucose
transporter molecule family and is subsequently phosphorylated to ["*F]JFDG-6-
phosphate by the hexokinase enzyme family in the cytosol. For both ['"*F]FDG and
D-glucose the kinetics of these processes are nearly identical. Glucose-6-phosphate
is catabolised to fructose-6-phosphate in the glycolysis pathway and eventually to
two molecules of pyruvate. However, the enzyme responsible for this chemical
reaction is not sensitive to ['*F]FDG-6-phosphate. As a result, [*F]JFDG-6-phosphate
cannot be degraded further and, as dephosphorylation does not occur in most mam-
malian tissues, accumulates in the cells (Fig. 1.2). Therefore, [*F]FDG uptake is
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Fig. 1.2 The membrane-bound GLUT receptor family can reversibly transport both D-glucose
and ["8F]FDG over the lipid bilayer of the cell. In the cytosol both p-glucose and ["*F]FDG are
6-phosphorylated by the hexokinase isozymes. In contrast to D-glucose-6-phosphate, [*FIFDG-6-
phosphate is not a substrate for the subsequent isomerase enzyme in the glycolytic pathway and,
as 6-dephosphorylation hardly occurs in most mammalian tissues, its downstream products cannot
enter the TCA-cycle. As a result, ['"*F]JFDG-6-phosphate will time-dependently accumulate in the
cytosol, reflecting enzymatic activities and facilitating PET visualisation of high glucose demand-
ing tissues. ATP adenosine-5'-triphosphate; CO, carbon dioxide; EES extravascular extracellular
space; ["*FJFDG 2-["*F]fluoro-2-deoxy-D-glucose; GLUT facilitative membrane-bound sodium-
independent glucose transporters; H,O water; K,—k, equilibrium Michaelis-Menten rate constants;
0,oxygen; TCA tricarboxylic acid (or Krebs) cycle. Adapted from ISBN13/EAN 978-94-6108-927-4
(ch.1, p.xxii) © 2015 Dennis Vriens. All Rights Reserved
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increased in tissues with high glucose metabolism, often the case in brain and myo-
cardium, but also in cancerous lesions and inflammatory conditions.

Tumour cells acquire their adenosine-5'-triphosphate (ATP), the energy carrier
necessary for mitosis, from the inefficient anaerobic glycolysis, i.e. from pyruvate
to lactate instead of mitochondrial oxidative phosphorylation, i.e. from pyruvate to
carbon dioxide, even when oxygen is plentiful. The former yields 18—-19x less ATP
than the latter. Due to this so-called Warburg effect, higher b-glucose metabolism is
required for sufficient ATP availability. This glucose demand is further increased by
the high cell proliferation [9].

1.3  Technical Aspects

To obtain high-quality images and to prevent large inter-investigation variability,
standardised patient preparation and image acquisition and reconstruction are of
uttermost importance. To ensure high-quality images and to overcome inter-investi-
gational variability in PET imaging, procedure guidelines are defined by the
European Association of Nuclear Medicine (EANM) [10] and monitored for multi-
centre [®F]JFDG PET/CT study purposes in the EANM Research Ltd. (EARL)
accreditation programme [11].

1.3.1 Patient Preparation

To ensure proper visualisation of the regions of interest, ['*F]FDG should specifi-
cally accumulate in the regions of interest. Uptake of ['*F]FDG should be prevented
in non-malignant tissues, such as active muscles and brown fat, by proper patient
preparation. Patients should refrain from strenuous muscle activity before ['*F]FDG-
injection and from any muscle activity after ['*F]JFDG-injection. To prevent uptake
in thermogenic brown-adipose tissue and muscle uptake by shivering, the resting
period after injection of the radiopharmaceutical takes place in a warm environ-
ment. A stable normoglycaemic, hypoinsulinaemic situation should be strived for
by injecting ['*F]FDG only in patients who fasted for at least 4-6 h, are normogly-
caemic (generally a serum glucose up to 11.1 mmol/L (i.e. 200 mg/dl) is accepted)
and have not been injected with short-acting insulins for at least 4 h. Adequate
hydration and voiding directly prior to PET/CT acquisition ensure fast clearance of
the radiopharmaceutical and thus decrease dose to the patients, and prevent artefacts
around the kidneys, ureters and urinary bladder. When the area to be imaged is
located near the bladder, diuretic medication can be administered to further stimu-
late the emptying of the bladder during acquisition. To prevent metal artefacts, the
patients are asked to remove all metal objects [10].
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1.3.2 Image Acquisition and Reconstruction

After acquisition of the raw PET-data, reconstruction can be performed by mainly
two methods, namely filtered backprojection (FBP) and iterative reconstruction. In
FBP, the LORs are literally backprojected to recalculate the position of the ['*F]FDG-
containing structure. Currently, the most commonly applied reconstruction tech-
nique in the clinical setting is iterative reconstruction. This method outperforms
FBP by its high signal-to-noise ratio, the exclusion of counts outside the field of
view and the multiple correction options within the reconstruction, e.g. time-of-
flight correction.

These advantages most often outweigh the computational intensiveness of the
reconstruction and the unpredictability of the nonlinear method. Iterative recon-
struction is an iterative process of adjusting an estimated image, and is based on the
difference between the estimated image of the projection data with the measured
projection data. The most well-known example of iterative reconstruction is the
ordered subsets expectation maximisation algorithm (OSEM), where the computa-
tional intensiveness is decreased by using only a subset of the projection angles in
every iteration. This process is repeated over all subsets to ulimately perform one
true iteration of OSEM [12]. A more extensive, but accessible, explanation of the
reconstruction methods can be found in Cherry et al. [12].

Before reconstructing the raw PET-data, corrections need to be applied for sev-
eral physical factors to obtain a true reflection of the radioactivity distribution of the
radiopharmaceutical. The most important corrections are variations in coincidence
detection efficiency between the different LORs (normalisation), dead time of the
detector after a coincidence, random coincidence photons, scattered coincidence
photons, and absorbed (attenuated) coincidence photons. As explained before, a low
dose CT, acquired without contrast and often prior to PET-acquisition, is used for
the attenuation correction of these coincidences and is also called the attenuation
correction CT (CTAC). The amount of attenuation of 511 KeV annihilation photons
depends on the (electron) density of the tissue. The photons will be more attenuated
when passing through denser material, i.e. components with higher Hounsfield
units, or when traversing more material, i.e. a larger body part [13].

1.3.3 Fusion and Registration of Treatment Planning PET/CT

1.3.3.1 Registration PET with CTAC

For correct anatomical localisation and attenuation- and scatter correction, the (low
dose) CTAC and the PET need to be spatially aligned. Spatial mismatch between the
PET and the CTAC results in incorrect attenuation correction and thereby scatter
correction. This incorrect correction causes over- or underestimation of activity
concentrations of the radiopharmaceutical (i.e. intensity), which is used to define
the boundaries of the target volume on PET. Therefore, inaccurate attenuation- and
scatter correction, due to spatial mismatch, also leads to inadequate information for
target volume delineation.
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Currently, all clinical PET/CT-scanners are dual-modality imaging devices,
where the hardware accurately aligns the images of PET and CT, provided that no
patient movement between the CTAC-acquisition and PET-acquisition has occurred.
When (a large amount of) patient movement has occurred, PET and CT images have
to be co-registered after acquisition, by translation, rotation and rescaling (rigid
transformations) or by image deformation (non-rigid or elastic transformations),
briefly summarised as “image registration” [14].

1.3.3.2 Registration PET(/CT) with Planning-CT

Biological information from the PET-image can be used for treatment planning
by fusing either a staging PET or, preferably, a PET in treatment position with
the high-dose and often contrast-enhanced planning-CT. In case of spatial mis-
match between the PET and the planning-CT, improper functional-anatomical
co-localisation may occur, resulting in inaccurate target volume definition. This
can be overcome by manual co-registration focussing on the GTV and thus the
volume planned to receive the high radiation dose. If misalignment persists,
target volume coverage may be compromised, increasing the risk of geometrical
miss. Therefore, the registration needs to be verified by an experienced radiation
oncologist.

Imaging on different modalities increases the chance of inaccurate fusion by dif-
ferences in time frames, patient position and coordinate systems [15]. Acquisition
of both scans on the same machine and preferably at the same time would, there-
fore, minimise the spatial mismatch, but is often not realistic in clinical practice.
When the planning-CT is obtained on the PET-system, this PET/CT-system needs
to fulfil the quality assurance for treatment planning and thus needs to be regularly
checked for its technical specifications, such as table rigidity and levelness, accurate
laser alignment, and CT image matrix alignment [16]. Due to these additional, fre-
quent quality controls on the one hand and device capacity on the other, multiple
institutions use a stand-alone CT-scanner, instead of a hybrid PET/CT to perform a
planning-CT.

The PET/CT for clinical diagnosis and staging purposes (staging PET/CT) is
often one of the first steps in the clinical work-up before the decision for treatment
modality has been made. Therefore, this staging PET/CT is not performed in radio-
therapy position. A staging PET/CT is usually performed on a soft curved table
top, while treatment planning scans are performed on a hard, rigid, flat radiother-
apy table top, identical to the radiotherapy setting. The position of the patient dur-
ing a staging PET/CT is optimised for both patient comfort and image quality, e.g.
with a cushioned head rest and with the arms elevated, to prevent thorax imaging
artefacts by beam hardening and truncation. Patient-positioning during treatment
planning PET/CT is optimised for reproducibility and radiation-beam arrangement
avoiding dose in body parts not belonging to the target volume, e.g. arms in tho-
racic tumours. Therefore, rigid transformations cannot fully compensate for the
patient position differences. Software to deformably register staging PET/CTs
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with a planning-CT is currently commercially available and shows potential
improvement in alignment, even in case of preoperative PET/CT with a postopera-
tive CT [17-22]. The staging PET, however, can only be used for radiotherapy
planning when performed shortly before start of radiotherapy. This is a pre-requi-
site to prevent disease progression in the meantime, resulting in understaging and
undertreatment of the disease [23, 24].

1.3.4 Motion

Patient movement complicates accurate co-registration between the PET and the
CTAC, and between the PET(/CT) and the planning-CT, with the above-described
consequences. The effect on attenuation and thereby scatter correction, will espe-
cially be large in moving tumours at the interface of two types of tissue with large
differences in Hounsfield units (photon attenuation), for example, the lower part of
the lung and the liver dome around the diaphragm [25]. Motion also negatively
influences the PET-image, when occurring during the relatively lengthy PET-
acquisition itself, since it causes image-blurring, i.e. an overestimation of the vol-
ume of pathological radiopharmaceutical uptake and an underestimation of the
concentration of radiopharmaceutical.

1.3.4.1 Types of Motion

Motion can be divided into external patient motion (e.g. rotation of the head, open-
ing of the jaw) or internal target motion (e.g. bladder filling, diaphragm motion
during breathing, bowel motion).

External patient motion is mostly non-repetitive and effectuated by skeletal mus-
cles innervated by the somatic nervous system. It can be bulky, for example, when
the whole body or a full extremity is moved, which can be minimised using fixation
devices and patient instruction. External patient motion can be more challenging in
patients who are not able to cooperate in minimising motion, e.g. very young
patients, patients with reduced mental capacities, who may require sedation.
External patient motion can also be compact such as uncontrollable tremor as a
result of, e.g. Parkinson’s disease.

Internal target motion is mostly involuntary, periodic or oscillatory in nature
and is caused by autonomic (mainly sympathetic) nerve innervation of effector
muscles, such as the myocardium and respiratory muscles, including the dia-
phragm. Aperiodic involuntary internal target motion, such as bowel motion, blad-
der filling or, at least partly, eye movement, should also be taken into account. Most
forms of internal target motion are unpreventable and require special measures to
deal with.

Methods to compensate for motion during the PET-acquisition will be high-
lighted here. Methods to compensate during the radiotherapy fraction itself are out-
lined elsewhere.
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1.3.4.2 Motion Correction Methods

Alignment

Minimising spatial mismatch between scans and irradiation is achieved by per-
forming all image acquisitions and the treatment in highly similar (i.e. reproduc-
ible), position (preferably radiotherapy position), with respect to the internal
coordinate system (isocentre) of the scanners and treatment gantry. Accurate align-
ment can be achieved with the help of external lasers and skin (tattoo) markers. To
prevent deformations, immobilising devices can be helpful. These immobilising
devices can be personalised, for example, thermoplastics masks, bite blocks, and
some headrests, or generic, such as overlay beds, bands, strap restraints, sand bags,
shoulder depressors, head clamps, etc. Evaluation of the position directly before
the start of a radiotherapy fraction and directly afterwards can be achieved by
online imaging, where the 2D or 3D generated radiographic images, optional
including fiducial markers, are compared with the planning-CT and its 2D digital
reconstructed radiographs [26].

Minimising patient motion during acquisition can largely be achieved by clear
patient instructions, starting with an understandable explanation of the importance of
motionlessness. Moreover, immobilising devices could improve the compliance.
Patients with postural pain despite adequate analgesia may be helped with reduced
acquisition time, which can be compensated for with higher injected dose of the
radiopharmaceutical to avoid deterioration of image quality (generally: halving
acquisition time requires doubling the radiopharmaceutical dose). Alternatively,
unconventional positioning can be attempted, but this will severely hamper the use of
these images for radiotherapy planning. When the target volume is located near the
bladder or urethra, for example, in rectum or cervix carcinoma, spatial mismatch can
arise between the PET and CT, due to bladder filling between both acquisitions. For
this purpose, imaging is generally performed directly after voiding and the CTAC is
acquired craniocaudally followed by the PET caudocranially, to keep the time inter-
val between PET and CT in the pelvic area as short as possible. In very anxious
patients, benzodiazepines can be prescribed or even sedatives can be administered.

Respiratory motion-induced interplay effects contribute most to intra-
acquisitional and intrafractional motion of breast, lung, liver and pancreatic tumours,
due to the period of normal breathing (2—5 s/breath) with respect to the duration of
PET-acquisition (2—5 min per bed position) or a therapeutic fraction (20-40 s per
beam angle) [27]. The contemporary methods to compensate for respiratory motion
will therefore be discussed separately in the next paragraph.

Compensation Methods for Respiratory Motion
Methods to control respiratory motion can be divided into four motion-encompassing
categories. The first category exists of external compression methods, such as the
abdominal compression technique, where an external device applies pressure on the
abdomen, to minimise motion in the diaphragm. These methods are especially useful
for tumours close to the diaphragm, e.g. liver dome and lower lung lobes [28].

The second category contains controlled breathing methods, i.e. instead of free
breathing, instructions are provided to the patient to hold their breath on a specific
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moment in the respiratory cycle or to force shallow breathing. An automatic breath
control device, used in the active breathing control-technique, can also be used to
regulate the respiratory cycle.

By respiratory gating, being the third motion-encompassing category, the respi-
ratory cycle is measured. The longest period in the respiratory cycle where the least
thoracic volume changes occur is determined and the corresponding frames in the
list-mode acquired PET-data are used for reconstruction, resulting in a ‘frozen
image’. This gating method generally requires longer acquisition of thorax and
upper abdomen bed positions, since only a part of the acquired data is used for
image reconstruction, making it a lossy technique. Newer techniques are able to
only acquire PET-data at the usable moments in the respiratory cycle.

The last motion-encompassing method uses the PET-data itself for gating pur-
poses and, therefore, requires no additional hardware. Data-driven gating defines
an optimal binning strategy by principle component analysis. It encompasses the
elastic deformation of the images post-acquisition. With this technique all acquired
data are used during image reconstruction and it is, therefore, called a lossless tech-
nique [29]. Correction of lesion-specific motion seems possible by the positron
emission particle tracking technique combined with time of flight information, but
its clinical added value currently still needs to be determined [30].

One should keep in mind that the result of motion mitigation used for PET should
match that of either CTAC and treatment-CT to prevent spatial functional-anatomical
mismatch with all earlier mentioned disadvantages. Apart from the technical possi-
bilities, one should consider the clinical value of motion compensation. When no
motion compensation will be applied during the delivery of radiotherapy, motion
correction during PET/CT- and treatment planning-CT-acquisition might be unde-
sired. Therefore, some institutions use the ungated CT images for treatment plan-
ning. Using magnetic resonance-based linear accelerator for radiotherapy,
intrafractional adjustment of the treatment plan to motion is possible (Chaps.
6 and 7).

1.4  Target Volume Delineation
1.4.1 PET/CT in Target Volume Delineation

Adding biological PET/CT-information, sometimes addressed to as biological or
metabolic target volume, to the planning-CT could be helpful to clarify the nature
(benign versus malignant) of a tumour difficult to differentiate on solely CT. It is
assumed that in some tumour or scenarios tumour borders can be defined more
sharply, by more clearly differentiating malignant from non-malignant tissue (e.g.
post-obstructive atelectasis), by distinguishing ambiguous lymph nodes, and by dif-
ferentiating residual or recurrent disease from post-treatment scar tissue [31-33].
The addition of PET/CT in TVD has shown to lower interobserver variability in
several disease sites, compared to CT-based delineation [34-37]. The added value
of PET/CT target volume delineation depends on, e.g., the applied segmentation


https://doi.org/10.1007/978-3-031-08601-4_6
https://doi.org/10.1007/978-3-031-08601-4_7

1 Use of ["®F]FDG PET/CT for Target Volume Definition in Radiotherapy 15

Fig. 1.3 (a) The target volume (GTV based on CT in yellow and CTV in red) in a non-small cell
lung cancer patient delineated on CT only, (b) the target volume delineated with the additional
information of ['*F]JFDG PET/CT (GTV based on PET in yellow, same CTV in red)

technique and tumour location and type, which will be discussed in the following
sections. In the remainder of this chapter, the PET(/CT)- and planning-CT-based
target volumes are referred to as PET-TV and CT-TV, respectively. A comparison
between a PET-TV and a CT-TV is provided in Fig. 1.3.

1.4.2 PET/CT Segmentation Methods

1.4.2.1 Manual, Semi-Automatic and Automatic

Segmentation Methods
The contoured target volumes depend on the used segmentation method, which
classifies the voxels of an image as either being malignant or non-malignant [38].
There are multiple segmentation methods under development, with different levels
of complexity and intuitiveness.

Manual tumour segmentation, still most common in clinical practice, is based on
visual inspection of the spatial ['*F]JFDG-distribution, combined with the available
anatomical information. This method requires interpretation, which makes it
extremely prone to observer variability. Standardised instructions are therefore
desired. Recommendations are given in head and neck squamous cell carcinoma
(HNSCC) by Lee et al. [39] and Schinagl et al. [40].

However, since radiation treatment planning is still based on anatomical
CT-imaging, PET ought to be seen as additional source of information on the GTYV,
not as a replacement of CT.

As PET is a quantitative imaging modality, alternative (semi)automatic tumour
segmentation approaches have been developed which have shown to be more repro-
ducible than manual delineation. Those methods are described next.

Thresholding is, after manual delineation, the most applied and intuitive approach
in clinical practice. Multiple techniques have been proposed to determine the opti-
mal threshold intensity value of a quantitative PET-parameter to discern benign
from malignant voxels. The most often used semi-quantitative PET-parameter is the
standardised uptake value (SUV). This is the activity-concentration in a voxel (in
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Bg/mL) normalised for administered activity of the radiopharmaceutical per unit
patient bodyweight (in Bg/g). This threshold can be set as an absolute threshold
(e.g. SUV > 2.5 g/ml) or related to the mean, peak or maximum intensity in the
lesion (e.g. SUV > 50%-SUV ,.,). Alternatively, an internal reference is used, such
as the lesion-to-background ratio. It is likely that the optimal threshold value
depends on tumour location (background, movement) and tumour size (with respect
to PET-scanner resolution). A clear outline of multiple threshold value formulas is
provided by Zaidi et al. [41].

A less intuitive category of segmentation methods, variational methods, is based
on spatial intensity variation between the foreground and the background. Examples
are edge and ridge detection methods, such as Sobel operators and Watershed trans-
formations, or active contouring methods. Drever et al. [42] provide a comprehen-
sive comparison between the Sober, Watershed and thresholding approaches for
PET TVD. An active contouring method, better known as a snake, is a spline, a
function defined by multiple polynomial sub-functions, which incorporates prior
knowledge, e.g. smoothness and shape, to deform around the object. Active con-
touring makes subpixel contouring possible [43, 44]. These variational segmenta-
tion methods are complicated due to their sensitivity to image noise, especially in
case of gradient-based methods and when the lesion is surrounded by metabolic
active areas [15, 45, 46].

Segmentation can also be performed by a pattern recognition learning approach,
also known as machine learning. A distinction should be made between classification
in case of supervised learning on the one hand, i.e. when the nature (benign vs malig-
nant) of each voxel is known, and clustering by unsupervised learning on the other
hand. Both techniques are based on the extraction of features from the image.
Classification is widely applied in other imaging modalities, but may be hampered in
PET by the large heterogeneity in tumour uptake. Clustering, on the contrary, seems
valuable in target segmentation in PET. The most simple and common clustering
method is the k-means-algorithm, encompassing a ‘hard’ boundary that includes
every voxel in one of the two clusters, ‘tumour’ or ‘no tumour’. The centres of the
clusters are initialised and updated during the algorithm, until the final clustering is
retrieved. The boundaries can also be soft, allowing uncertain voxels to be probabi-
listic part of both clusters, which is synonymised as fuzzy. Examples of these soft
boundary clustering methods are fuzzy k-means or fuzzy C-means algorithms. These
computational complex learning methods, especially supervised learning, can pro-
vide much flexibility, but can also be challenging and counterintuitive [39, 47].

Within the increasingly popular field of radiomics, a large number of imaging
features are extracted, which may contribute to the TVD, especially in learning
segmentation [48—50]. By using a deep learning approach, features can be extracted
automatically. Huang et al. [51] and Guo et al. [52] contoured the GTV of HNSCC
patients on PET/CT-images accurately and with high efficiency with a deep neural
network, compared to more conventional segmentation methods. The gold standard
was considered manual contouring.

The last category of segmentation methods, statistical image segmentation,
differentiates between tumour uptake and surrounding tissue by probabilistic
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calculation and estimation of the data. This stochastic modelling approach deals
well with high noise PET-data, but is at risk of local optimal solutions in the
optimisation. An example is the Gaussian mixture model, which handles the
intensities as independent and Gaussian distributed. This dependency is not nec-
essary in the usage of hidden Markov models, another statistical segmentation
method [53]. Hatt et al. [54, 55] improved the segmentation of small and/or
heterogeneous lesions with the statistical segmentation algorithm fuzzy locally
adaptive Bayesian.

Shepherd et al. [56] performed a double-blind comparative study for 30 different
and combined segmentation techniques in 2012, from manual to full automatic and
concluded that up to then, manual segmentation outperformed all the (semi-)auto-
matic delineation methods in highest overall accuracy. An overview of the PET-
segmentation methods can be found in Zaidi et al. [41] and Hatt et al. [54].

1.4.2.2 Drawback of Segmentation Methods

Although manual segmentation is still most commonly performed in clinical prac-
tice, it shows a higher interobserver variability than the application of (semi-)
automatic segmentation methods [41]. The accuracy of manual segmentation
depends on the experience and expertise of the observer and proposes the risk of
observer overrating. Rasch et al. [57] showed that updating the PET-TV defined
by the treating physician with the assessment of 5-7 radiation oncologists and a
radiologist leads to an alteration in 45% of the cases. Manual delineation and
especially in agreement of multiple experts, preferably both radiation oncologists
and medical imaging specialists, is labour-intensive and hardly feasible in current
high demanding-high throughput oncology healthcare. Therefore, the develop-
ment of a reliable automatic PET segmentation method (PET-AS) is desired.
Automatic segmentation of PET-only data is currently under development,
although automatic PET segmentation with CT-data outperforms automatic PET-
only segmentation, with the disadvantage of increased complexity. For applica-
tion of PET-AS, the algorithms should be accurate and precise under different
clinical circumstances. Unfortunately, none of the currently existing algorithms
fulfils all needs [48].

1.4.2.3 Consensus Algorithms

The success of multiple segmentation algorithms is strived to be combined by two
new methods: the Majority Vote and Simultaneous Truth And Performance Level
Estimate (STAPLE) method with their variances. The first method decides whether
a voxel is included in the target volume, based on the outcome of the majority of the
methods. The latter estimates the segmentation result, based on a probability distri-
bution function of multiple separate segmentation methods and their performance
[58]. McGurk et al. [59] compared both consensus methods in five (semi-) auto-
matic PET segmentation algorithms and concluded that both Majority Vote and
STAPLE were robust and more accurate for all separate segmentation methods in
different experimental circumstances. Schaefer et al. [60] and Dewalle-Vignion
et al. [61] confirmed these findings, the latter for STAPLE in semi-clinical setting,
including comparison with manual segmentation.
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Berthon et al. [62] developed a third consensus method: the supervised machine
learning algorithm Automatic decision Tree-based Learning Algorithm for
Advanced Segmentation (ATLAAS), which includes a decision tree model to select
the most appropriate of 9 automatic segmentation methods, instead of combining
the results like the earlier described consensus methods. ATLAAS proved robust
segmentation with higher accuracy compared to each of the individual segmentation
methods in phantom setting and showed promising clinical results in HNSCC PET
tumour segmentation [62, 63].

For now, the International Atomic Energy Agency export report, published in
2009 and updated for non-small cell lung carcinoma (NSCLC) in 2019, recom-
mends that target volumes, delineated by a PET-AS technique, as part of standard
care, should always be visually checked by an experienced observer [64].

1.4.3 Disease Sites

1.4.3.1 NSCLC and SCLC

Several studies investigated the beneficial effect of PET(/CT) on TVD. Most evi-
dence is available in non-small cell and small cell lung cancer (NSCLC and SCLC),
for which Hallgvist et al. [65] performed a systematic review of the role of PET/CT
in treatment planning. Their review shows a significant change in PET-TV, com-
pared to CT-TV in approximately 40% of NSCLC patients. Moreover, in 20% of the
patients, the intent of the treatment was changed from radical high-dose to palliative
low-dose radiotherapy, as a result of upstaging of the tumour. In SCLC, target vol-
ume changed in 20% and treatment intention changed in 10% of the cases, when
PET is added to the TVD [65]. For both, NSCLC and SCLC, ['®F]FDG PET guides
the primary tumour contour, in particular in case of atelectasis, even though the
tumour boundaries are drawn on the planning-CT in lung window-width/window-
level setting. The PET-TV results are only applicable for target volumes defined on
PET/CT-images in radiotherapy position, as discussed in “Technical aspects’ and
independent of the presence of a staging PET/CT.

De Ruysscher et al. [66] compared PET-TVs with CT-TVs in mediastinal lymph
nodes in a treatment planning study and subsequently treated all included NSCLC
patients according to the PET-delineated treatment plan in a single-arm prospective
clinical trial. The results obtained using the 3D-technique employed at the time showed
a low isolated lymph node recurrence rate of 2.3%. Bradley et al. [32] published their
findings of the Radiation Therapy Oncology Group study in NSCLC patients. They
showed a disagreement of 51% comparing nodal PET-TV with CT-TV, mostly caused
by the in- or exclusion of one or two nodal stations. Also in this study, all patients
received irradiation according to the PET/CT derived treatment plan. In 2% of the
patients, i.e. 1 out of 46 patients, failure occurred in ['"*F]JFDG-negative lymph nodes,
not included in the PET-TV, which is stated in this study as quite low. In 2018, the
MAASTRO group investigated the validity of ['*F]FDG PET-based selective nodal irra-
diation in the era of Intensity-modulated radiation therapy [67]. They, again, reported on
an isolated nodal failure rate of 2.3%. So, since elective nodal irradiation is associated
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with lower achievable doses and higher side-effects, selective nodal irradiation is to be
regarded the standard, also in the era of high conformal irradiation techniques.

In SCLC, again the MAASTRO group published their findings on 60 SCLC
patients with limited disease SCLC [68]. They reported on an isolated nodal failure
rate of 3%, mainly in the supraclavicular fossa. The selective nodal approach, based
on [¥F]FDG PET/CT, was subsequently employed in the CONVERT trial, showing
no detrimental effects on regional control [69].

The systematic review and meta-analysis of Hallgvist et al. [65] on ['*F]FDG PET
in NSCLC included no studies with level I evidence, but nonetheless concluded that
‘PET/CT for dose planning improves target definition and patient selection’ in
NSCLC patients. Only in 2020, the PET-PLAN results were published, underlining
the results of the meta-analysis as well as recommendations by European Committees
(see below). Nestle et al. [70] randomly assigned 205 patients with inoperable
advanced stage NSCLC to PET/CT-based target volume including elective nodal
irradiation versus PET-based treatment planning, including selective nodal irradia-
tion only. At a follow-up time of 29 months at median, the locoregional progression
rate of the ['"*F]JFDG PET-based group was non-inferior, and in fact even lower than
that for the conventional target group anticipated in the protocol, and also the toxicity
was non-inferior. Thus, the recommendation by the European Organisation for
Research and Treatment of Cancer (EORTC) in 2017, that PET/CT is standard for
treatment planning in lung cancer holds true, as do the guidelines adopted by the
European SocieTy for Radiotherapy and Oncology Advisory Committee in Radiation
Oncology Practice (ESTRO) guidelines in 2018 [71], and the Joint EANM/SNMMI/
ESTRO practice recommendations for the use of 2-['*F]JFDG PET/CT external beam
radiation treatment planning in lung cancer V1.0, which was published in March
2022 [72].

1.4.3.2 HNSCC

In HNSCC, various publications have shown the PET-TV to be smaller than those
derived by CT or even MRI, when compared to histopathological resection speci-
men [73-80]. However, since the tumours originate from the oral mucosa and may
exhibit superficial tumour spreading not visible on macroscopic imaging, the value
of a thorough clinical examination is still high. Therefore, treatment planning solely
based on ["*F]FDG PET/CT is still not standard of care.

Although Delouya et al. [75] and Chatterjee et al. [81] did not show significant
changes in nodal target volume comparing PET-TV with CT-TV, Ciernik et al. [78]
showed target volume changes up to approximately 20%, based on the comparison
in six patients. Bearing in mind the high incidence of false-positive readings due to
reactive lymph nodes in the head and neck region, though, the ["*F]JFDG PET find-
ing should always carefully be compared to that of the anatomical imaging modal-
ity, albeit CT or MRI [82, 83]. Instead, dose de-escalation based on the ['"*F]FDG
PET and CT finding may be investigated, which is at present the objective of a phase
1I clinical trial [84-86].

In HNSCC, several guidelines recommend the application of ['SF]FDG PET in
TVD, including those of the National Comprehensive Cancer Network and the
International Atomic Energy Agency [87].
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1.4.3.3 Oesophageal Cancer

In a prospective study in oesophageal cancer patients, Ng et al. [88] included
["*F]FDG-avid disease, not identified by CT, in the PET-TV in 76% of 38 cases.
This changed the intent of the treatment from curative to palliative in 24% of 57
cases. Apolle et al. [89] compared the GTV based on [¥F]JFDG PET with that
defined by fiducial markers implanted at the proximal and distal side of the tumour.
They concluded that the marker locations corresponded reasonably well with meta-
bolic tumour edges (mean: 5.4 mm more distally). The delineation of the gross
nodal volume may substantially change using ['F]FDG PET, as illustrated by
Jimenez-Jimenez et al. [90]. The use of PET/CT in the staging and planning of
radio(chemo)therapy seems to improve local recurrence-free survival in oesopha-
geal cancer [91]. The value of ["*F]JFDG PET in oesophageal cancer has recently
been extensively reviewed [92, 93].

1.4.3.4 Gynaecological Tumours

In gynaecological oncology, the primary tumour, e.g. of the cervix, is visualised
under clinical examination as well as by MRI (mainly T2-weighted imaging). MRI
is used for primary staging as well as for brachytherapy planning [94, 95]. However,
the value of ["®F]FDG PET for diagnosis and radiation treatment planning, mainly
in terms of defining the nodal TV, is becoming increasingly apparent [77, 78, 88,
90, 96-99].

1.4.3.5 Lymphoma

The use of ['F]FDG PET/CT for treatment response monitoring and target volume
delineation in both, Hodgkin’s lymphoma and non-Hodgkin’s lymphoma, is
unequivocally highly recommended, as described by the International Lymphoma
Radiation Oncology Group [77, 100—104].

1.4.3.6 Other Tumours

The use of ['"*FIFDG-PET/CT for TVD in case of primary brain tumours or prostate
cancer is not beneficial. Tracers enabling visualisation and delineation of those solid
tumours are discussed in Chap. 2.

It should be kept in mind that the success of PET TVD for nodal contouring
depends on its sensitivity and specificity [66, 78, 97]. For regional lymph node
detection, a high specificity between 0.90 (NSCLC) and 0.97 (cervical cancer) is
typically observed, versus a moderate sensitivity between 0.66 (oesophageal can-
cer) and 0.84 (HNSCC) [83, 105-110].

1.5 Cons and Pitfalls

In the previous sections, the added value of PET in treatment planning is sum-
marised. There are, however, some considerations that should be kept in mind when
applying this technique.
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1.5.1 Limited Spatial Resolution and High Signal-to-Noise
Ratio of PET

When using PET-imaging for TVD, one must be aware of the technical short-
comings of PET in general, which is shortly discussed in section ‘Technical
aspects’. PET is restricted by a limited spatial resolution of around 3-5 mm
full-width-at-half-maximum. Due to this low spatial resolution compared to
anatomical modalities such as CT and MRI, small lesions will be underesti-
mated in activity concentration or might even missed (i.e. false-negative), due to
the resulting partial volume effects. The consequences of this effect should be
considered in all small, low contrast lesions (typically <2 cm) and depend,
amongst others, on the resolution of the PET/CT-scanner, the applied recon-
struction algorithm, the post-reconstruction filter and the shape, size, uptake and
motion of the lesion [111]. Additional post processing and/or resolution model-
ling reconstruction algorithms can be applied to correct for partial volume
effects up to a certain extent, although the risk of introducing new artefacts
should be considered [54].

PET/CT-images can have a low signal-to-noise ratio, dependent of patient- and
institution-specific factors. The signal-to-noise ratio is, amongst others, negatively
influenced in case of limited radiopharmaceutical uptake, when the injected dose of
the radiopharmaceutical is not adjusted to acquisition time (e.g. lossy respiratory
gating) or in case of large patient attenuation (high body mass index). The latter
might cause lesions to go undetected or treatment planning to become less repro-
ducible. On the contrary, the signal-to-noise ratio is enhanced by improved system
geometry (longer bores, whole-body PET-scanners), advanced (digital) detectors
and improved reconstruction algorithms (time-of-flight, Bayesian methods, deep
learning methods, smaller voxel sizes) [112, 113].

1.5.2 Interpretation Errors Due to Limited Specificity (and
Sensitivity) of the Radiopharmaceutical ['®FIFDG

Although regions with high ["*F]JFDG-uptake represent tissues with high glucose-
demand, the amount of uptake does not fully depend on the presence and the degree
of malignancy. High physiological uptake in healthy tissue or low uptake in tumour
tissue can be physiological (e.g. brain, liver, urinary tract) or occur by improper
patient preparation (hyperglycaemia, hyperinsulinemia, some drugs, brown adipose
tissue). False-positive lesions can be found on PET/CT-images due to influx of
inflammatory cells (lymphocytes, macrophages), due to infection (e.g. pneumonia),
inflammatory conditions (e.g. sarcoidosis) or after invasive intervention (e.g. biopsy,
radiotherapy). Another frequent cause of false-positive lesions are benign lesions
such as incidentalomas in the thyroid or intestines, that are misinterpreted as metas-
tases or secondary primaries and often require additional (invasive) diagnostics,
potentially leading to unnecessary delay in definite treatment.
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The success of lesion detection using ['®*F]JFDG depends on the metabolic profile
of the tumour histology as some subtypes are notoriously false-negative (e.g. low-
grade tumours such as most neuroendocrine tumours and low-risk prostate cancer
or those with much extracellular matrix such as mucinous adenocarcinomas) and its
location (i.e. in regions with physiological high background including brain, liver,
kidneys and bladder) are other influencing factors. Therefore, the disease-specific
sensitivity and specificity of the radiopharmaceutical should be considered. The
additional value of PET in nodal delineation is presumably caused by the in- or
exclusion of nodal stations, which depends on the error rate. PET’s high sensitivity
is especially useful in the inclusion of nodal stations in the GTV.

Altogether, it can be stated that lesions for treatment planning should ideally be
interpreted jointly by an experienced nuclear medicine physician and radiation
oncologist to place the images into context and to minimise the consequences of
false-positive or -negative findings [66]. In case of doubt, it is recommended to
obtain cytological or histopathological confirmation. This is especially of impor-
tance when treatment would change from curative- to palliative intent, due to distant
metastases detected by PET.

1.6 Future Outlook

Radiation treatment outcome may be improved by incorporating patient-specific
tumour control probability and normal tissue complication probability in the treatment
plan, based on [**F]FDG-derived biological information of the tumour and the OAR.

['8F]FDG uptake in lesions, to some extent, reflects sensitivity of the tumour to
treatment. Less radiosensitive areas may profit from treatment intensification, e.g.
hypoxia modifiers, immunotherapy, or radiation dose escalation. Personalised dose
escalation may be beneficial in selected patients (stratification) and/or tumour sub-
volumes (subvolume boosting, dose painting by contours), even on voxel level
(dose painting by numbers).

To study feasibility, toxicity and efficacy of dose escalation in stage III
NSCLC patients, the PET-boost trial was initiated in 2010. In this multicentre
randomised phase II clinical trial, hypofractionated dose escalation was pro-
spectively studied in both the entire primary tumour (arm A) as in subvolumes
of the GTV, defined by increased ["®F]JFDG uptake (arm B). First, a planning
study reported by van Elmpt et al. [114] demonstrated feasibility of dose escala-
tion, both in the entire primary tumour (arm A) as well as in subvolumes of the
GTYV (arm B). Subsequently, toxicity was tested. Preliminary results are reported
by van Diessen et al. [115]. Although increased acute and long-term toxicities
were observed in the study, the dose limits of the OAR were maintained. Efficacy
results were presented on the World Conference on Lung Cancer 2020 (which
took place virtually in January 2021). An excellent local control rate was
observed in both hypofractionated dose escalation arms, with a 2-year local
failure rate of less than 20% and a regional failure of only 27% [116]. Final
results are awaited.
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Additional research is required into mechanisms of radioresistance, meth-
ods (radiopharmaceuticals, parameters) to adequately quantify radiosensitivity
and on techniques to accurately deliver the biologically adapted dose to the
patient. The relation between the imaging parameter and dose escalation should
also be studied, as well as the necessity of dose escalation (prescription func-
tion) [117].

Pre-treatment ['SF]JFDG PET/CT also provides plenty of information on the
surrounding tissue. This information might be useful in predicting toxicity in
the surrounding OAR, although limited studies are available yet. Van Dijk et al.
[118] showed that pre-treatment high metabolic parotid gland activity is associ-
ated with lower risk of developing late xerostomia. Anthony et al. [119] demon-
strated that pre-treatment ['®F]FDG uptake in combination with CT lung texture
features in low-, medium-, and high-dose regions, could predict the risk of radi-
ation pneumonitis in lung cancer patients. Zschaeck et al. showed that ['*F]JFDG
PET uptake in normal tissue within irradiated HNSCC [120] and oesophageal
cancer [121] during treatment is a prognostic factor for local tumour control.
Besides these promising studies, more research should be performed to analyse
whether ['®F]FDG PET image biomarkers (i.e. radiomics) of non-tumorous tis-
sue have predictive potential. The result of van Dijk et al. [118] should be veri-
fied in an independent dataset. To verify the findings of Anthony et al. [118], a
larger patient population, in varying circumstances, with more positive cases is
required.

When the biological information provided by PET/CT of both the tumour and
the non-tumorous tissue is integrated in the treatment plan, this may result in a more
personalised treatment plan with maximal tumour control probability and minimal
normal tissue complication probability.
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