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Foreword

Clear and concise clinical indications for PET/CT in the management of the oncol-
ogy patient are presented in this series of 15 separate booklets.

The impact on better staging, tailored management and specific treatment of the
patient with cancer has been achieved with the advent of this multimodality imaging
technology. Early and accurate diagnosis will always pay, and clear information can
be gathered with PET/CT on treatment responses. Prognostic information is gath-
ered and can further guide additional therapeutic options.

It is a fortunate coincidence that PET/CT was able to derive great benefit from
radionuclide-labelled probes, which deliver good and often excellent target to non-
target signals. Whilst labelled glucose remains the cornerstone for the clinical ben-
efit achieved, a number of recent probes are definitely adding benefit. PET/CT is
hence an evolving technology, extending its applications and indications. Significant
advances in the instrumentation and data processing available have also contributed
to this technology, which delivers high throughput and a wealth of data, with good
patient tolerance and indeed patient and public acceptance. As an example, the role
of PET/CT in the evaluation of cardiac disease is also covered, with emphasis on
labelled rubidium and labelled glucose studies.

The novel probes of labelled choline; labelled peptides, such as DOTATATE;
and, most recently, labelled PSMA (prostate-specific membrane antigen) have
gained rapid clinical utility and acceptance, as significant PET/CT tools for the
management of neuroendocrine disease and prostate cancer patients, notwithstand-
ing all the advances achieved with other imaging modalities, such as MRI. Hence, a
chapter reviewing novel PET tracers forms part of this series.

The oncological community has recognised the value of PET/CT and has delivered
advanced diagnostic criteria for some of the most important indications for PET/
CT. This includes the recent Deauville criteria for the classification of PET/CT patients
with lymphoma—similar criteria are expected to develop for other malignancies, such
as head and neck cancer, melanoma and pelvic malignancies. For completion, a sepa-
rate section covers the role of PET/CT in radiotherapy planning, discussing the indica-
tions for planning biological tumour volumes in relevant cancers.
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viii Foreword

These booklets offer simple, rapid and concise guidelines on the utility of PET/
CT in a range of oncological indications. They also deliver a rapid aide-memoire on
the merits and appropriate indications for PET/CT in oncology.

London, UK Peter J. Ell, FMedSci, DR HC, AQA



Preface

Hybrid imaging with PET/CT and SPECT/CT combines the best of function and
structure to provide accurate localisation, characterisation and diagnosis. There are
extensive literature and evidence to support PET/CT, which have made significant
impact in oncological imaging and management of patients with cancer. The evi-
dence in favour of SPECT/CT especially in orthopaedic indications is evolving and
increasing.

The Clinicians’ Guide to Radionuclide Hybrid Imaging pocketbook series is spe-
cifically aimed at our referring clinicians, nuclear medicine/radiology doctors,
radiographers/technologists and nurses who are routinely working in nuclear medi-
cine and participate in multidisciplinary meetings. This series is the joint work of
many friends and professionals from different nations who share a common dream
and vision towards promoting and supporting nuclear medicine as a useful and
important imaging speciality.

We want to thank all those people who have contributed to this work as advisors,
authors and reviewers, without whom the book would not have been possible. We
want to thank our members from the BNMS (British Nuclear Medicine Society,
UK) for their encouragement and support, and we are extremely grateful to Dr Brian
Nielly, Charlotte Weston, the BNMS Education Committee and the BNMS council
members for their enthusiasm and trust.

Finally, we wish to extend particular gratitude to the industry for their continuous
supports towards education and training.

London, UK Jamshed Bomanji
Gopinath Gnanasegaran
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1.1 Introduction

Worldwide, cancer is a major public health issue and accurate diagnosis, staging
and follow-up is essential for optimal management. PET/CT imaging has a signifi-
cant role in the staging of disease and assessment of treatment response.

External beam radiotherapy (EBRT) is used in the treatment of approximately
40% of cancer patients [1]. The function of EBRT is to destroy or control the growth
of malignant cells, and the EBRT planning process aims to achieve maximal thera-
peutic effect whilst keeping levels of toxicity to a minimum.

L. Fowkes
Radiology & Radionuclide Radiology, The Royal Marsden NHS Foundation Trust,
London, UK

K. Newbold (<)
Head & Neck and Thyroid Unit, The Royal Marsden NHS Foundation Trust and Institute of
Cancer Research, London, UK

Clinical Oncology, The Royal Marsden NHS Foundation Trust, London, UK
e-mail: kate.newbold @rmh.nhs.uk
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The planning of EBRT is heavily reliant upon imaging modalities to (a) accu-
rately identify the radiation target volumes in order to avoid geographical misses
of disease sites and (b) to confidently define and spare normal organs at risk of
damage from radiation. CT also provides electron density data via the Hounsfield
units required for dosimetric calculation in EBRT planning. Standardly EBRT
planning has been performed using anatomical imaging such as CT or MRI;
however the combination of functional and anatomical imaging in PET/CT also
provides information regarding tumour biology. Such data serves to inform treat-
ment, particularly in the case of EBRT, and also provides a more sensitive mea-
surement of treatment response, than conventional imaging, in a number of
tumours [2].

1.2 EBRT Planning Process

Imaging data is integral to the RT treatment planning system, and a number of target
volumes (Fig. 1.1) are defined in accordance with the recommendations of the
International Commission of Radiation Units and Measurements. Organs at risk
(OAR) are defined in order that dose is maintained within tolerable limits to these
structures minimising long-term toxicity [3].

1.3  Role of PET/CT in RT Planning

The PET component of PET/CT utilises various tracers to provide information
regarding the molecular behaviour of a tumour, whether this be its metabolism,
rate of apoptosis, level of hypoxia, proliferation or particular gene expression.

Gross Tumour Volume
(GTV)

The position and extent of
primary tumour, i.e. lesion
that can be seen, palpated or
imaged

Planning Target
«— Volume (PTV)
Essentially a geometric
concept that allows for
uncertainties in RT
planning and delivery

Clinical Target

Volume (CTV)
Encompasses the GTV and a
margin for subclinical disease
spread that cannot be fully
imaged

Fig.1.1 Targetvolumes in radiotherapy
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The co-registration of this biological information with anatomical imaging can
provide invaluable information for the radiation oncologist when planning radia-
tion delivery to the tumour. In addition to superior localization of disease through
improved staging, dose escalation to potentially radioresistant subvolumes or
change in treatment modality if lack of response to initial treatment may be
permitted.

Functional changes often precede morphological ones, for example, changes in
tumour glucose metabolism manifest as altered 'SF-FDG accumulation and predict
changes in tumour volume [4] that cannot yet be detected upon conventional imag-
ing. Differentiating viable tumour from adjacent structures is sometimes difficult
with morphological imaging, particularly if the anatomy has been altered by previ-
ous treatment. Specific examples include regions of complex anatomy, for instance,
in the head and neck region where tumour has been resected and subsequent recon-
struction with muscle or bone grafts has occurred, or distinguishing between atelec-
tasis and lung cancer. In such situations gross tumour volume (GTV) (Fig. 1.1)
definition using PET/CT may be more accurate than CT alone [5] permitting
reduced margins of uncertainty in target definition and hence potentially lessening
normal tissue toxicity.

Data provided by PET may also modify the clinical target volume (CTV), for
example, with the inclusion of metastatic lymph nodes not detected upon conven-
tional morphological imaging. This was effectively demonstrated by a study of the
impact of 8F-FDG PET/CT upon the staging of solid tumours in a cohort of 260
patients in which nodal status was correctly identified by PET/CT in 92% of patients
compared to 76% by CT. Fifteen percent of the patients studied had their treatment
regimens altered following PET/CT [6].

Information provided by a PET study can be used to derive functional subvol-
umes (or biological target volumes (BTV)) within the CT/anatomical GTV. This
concept lends itself to “dose painting” [7], with targeting of increased radiation dose
to the most functionally active regions of the tumour or to overcome possible radio-
resistance in order to achieve better treatment outcomes. This may be performed by
application of a homogeneous radiation dose to a PET defined BTV (dose painting
by contours) or a heterogeneous radiation dose titrated in accordance with spatial
variations in functional activity at a voxel level within a tumour volume (dose paint-
ing by numbers) [7].

PET data has been used to employ these methods in head and neck, lung and
rectal [7] cancers with promising results.

Although FDG-PET/CT is used routinely within the clinic, other tracers and
their use in radiotherapy planning remain within the research arena (Table 1.1).
Further study is required as these agents often possess inherent biological uncertain-
ties that may affect image interpretation particularly in relation to the spatial and
temporal stability of PET imaging parameters during the course of treatment.

At present there is no consensus upon to how best delineate GTV upon PET. At
its simplest, target volumes are defined by visual assessment, and this remains the
most frequently used method, although this is subject to significant interobserver
variability [16].
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Table 1.1 Examples of PET tracers used in oncology

Cellular pathway
utilised

Amino acid
transport and
protein synthesis

Glucose
metabolism

Apoptosis

Proliferation

Hypoxia

Molecular basis

Increased rates of amino acid

transport [8]

Increased rates of glycolysis
overexpression of GLUT-1 and
three receptors, and increased

levels mitochondrial

hexokinase [9] in malignant

cells

Tumour apoptosis is often
associated with a response to

treatment

Small molecular probes detect
activation of specific enzymes
(specifically caspases), loss of

mitochondrial membrane

electrochemical potential or
alterations in cell membrane

composition (termed the

apoptotic cellular imprint)
occurring during apoptosis [10]
Increased levels thymidine

kinase in malignant/
proliferating cells

Tracers very permeable to cell
membrane: at normal oxygen
levels tracer diffuses in and out
of cell, but in the presence of

hypoxia intracellular
nitroreductases alter its
chemical structure and it

becomes trapped within the cell
Tumour hypoxia indicates
resistance to RT and tumour

progression [13]

Tracer examples
BF-FET*

BE-DOPA

'C-MET

BE-FDG

SF-MLI10*

BE-FLT

SF-MISO*
I8F-FAZA*
**Cu-ATSM*

Use

Brain tumour
diagnosis, target
volume delineation
and follow-up
Diagnosis and staging
of neuroendocrine and
brain tumours

To define extent of
glioma and detect its
recurrence
post-treatment
Tumour detection and
staging

Target volume
delineation of multiple
malignancies
Monitoring of
treatment response
Potential role in the
evaluation of
therapeutic response to
treatment [11]

Tumour detection,
staging, restaging and
assessment of
treatment response [12]
Identification of
hypoxic regions within
a variety of tumours
potentially facilitating
biological target
volume definition and
image-guided adaptive
RT
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Table 1.1 (continued)

Cellular pathway
utilised Molecular basis Tracer examples  Use
Lipid metabolism Neoplastic cells exhibit C-choline Staging and detection
increased levels of of distant relapses in
phosphorylcholine prostate cancer
1C-acetate Detection of tumours
for which FDG is
ineffective, e.g.
well-differentiated
lung adenocarcinomas
and HCC [14]
Angiogenesis Targets integrin expressed by  /F-galacto-RGD* Possible predictive and
endothelial cells during vessel  *F-fluciclatide*  prognostic biomarker
formation
Somatostatin Receptors overexpressed ina  **Ga-DOTATOC  Staging, follow-up,
receptor number of tumours %Ga-DOTATATE  determine somatostatin

receptor status for
possible radioisotope
therapy and assess
treatment response
primarily in
neuroendocrine
tumours [15]

“Denotes tracers under investigation

Where ""C-MET "'C-methionine, *F-FET "“F-fluoroethyltyrosine, '*F-DOPA "F-fluorodopa, '*F-
FDG '8F-fluorodeoxyglucose, "*F-FLT 3'-deoxy-3'-'8F-fluorothymidine, "*F-MLI10 "SF-2(5-fluoro-
pentyl)-2-methylmalonic acid, *F-MISO ®*F-fluoromisonidazole, *F-FAZA '“F-fluoroazomycin
arabinoside, ¥Cu-ATSM *Cu-diacetyl-bis(N4-methylthiosemicarbazone)

In response several automated semi-quantitative methods have been developed
[17]. These include absolute maximum standardised uptake value (SUVmax) mea-
surements, for example, for ¥F-FDG PET a SUVmax of 2.5 has been suggested as
a threshold for GTV delineation. Percentages of SUVmax (often 40%) have also
been used to define GTV. Other approaches including contrast-orientated, gradient-
based, iterative and fuzzy clustering methods, along with source-to-background
algorithms [17], have been explored. The gradient-based [18] and contrast orienta-
tion methods have proven promising; with the latter recommended for use in multi-
centre trials due to its high feasibility and repeatability [19].

1.4  PET-MRI

Hybrid PET-MRI systems allow multiple biological parameters and anatomical
images of high spatial resolution to be obtained in a single acquisition. MR func-
tional imaging techniques, such as diffusion-weighted (DWI) and dynamic
contrast-enhanced (DCE) imaging, enable various pathophysiological tumour
characteristics, including metabolism, perfusion, vascularisation and hypoxia, to
be assessed simultaneously. This data can then be used to more precisely delineate
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tumours and so facilitate treatment planning, including dose painting for
RT. Another potential advantage of PET-MRI is in monitoring treatment response
and disease follow-up.

At present technical challenges relating to patient positioning, potential
geometrical distortion of MR images and the effect of MR attenuation correc-
tion upon PET quantification need to be overcome before it is more widely
practiced [20].

Conclusion

The biological information provided by PET helps to more accurately delineate
disease extent in several tumour sites. This facilitates the implementation of
more definitive cancer treatment and reduces radiation injury to surrounding tis-
sues. Advances in RT precision delivery, development of novel PET tracers and
continuing expansion of PET-MRI will further refine the RT planning process.

Key Points

» EBRT planning process aims to achieve maximal therapeutic effect whilst
keeping levels of toxicity to a minimum.

* Conventional EBRT planning is performed using anatomical imaging such
as CT or MRIL

e Combination of functional and anatomical imaging in PET/CT may pro-
vide information regarding tumour biology.

* The co-registration of this biological information with anatomical imaging
can provide invaluable information for the radiation oncologist when plan-
ning radiation delivery to the tumour.

» Differentiating viable tumour from adjacent structures is sometimes diffi-
cult with morphological imaging, particularly if the anatomy has been
altered by previous treatment. In such situations GTV definition using
PET/CT may be more accurate than CT alone.

e Data provided by PET may also modify the CTV and functional subvol-
umes (or biological target volumes (BTV) within the CT/anatomical GTV.

* Currently, there is no consensus upon to how best delineate GTV upon PET.

e Hybrid PET-MRI systems allow multiple biological parameters and ana-
tomical images of high spatial resolution to be obtained in a single
acquisition.

* At present technical challenges relating to patient positioning, potential
geometrical distortion of MR images and the effect of MR attenuation cor-
rection upon PET quantification need to be overcome before it is more
widely practiced.
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Due to recent improvements in radiotherapy treatment planning and delivery, we are
now able to generate and deliver highly conformal and homogenous dose distribu-
tions to designated targets whilst sparing organs at risks (OARs) [1]. However, the
ability to accurately delineate the clinical target volume (CTV) remains one of the
major challenges of radiotherapy treatment [2]. Currently, it is standard practice to
delineate the CTV on a CT data-set, whilst other imaging modalities may be used to
aid the localisation of the target. Functional PET images enable the metabolic activ-
ity and extent of the target to be assessed [3].

A single-scan PET/CT approach (Fig. 2.1a) enables the radiotherapy plan to be
generated on the CT data-set acquired alongside the PET [4]. This can reduce both
the hospital visits for the patient and the image registration uncertainty between the
PET image and the radiotherapy planning CT [4]. Indeed, a maximum three-
dimensional displacement error between the CT and PET of 0.5 mm has been
reported for single-gantry PET/CT systems [5].

To ensure that tumour volumes can be targeted and OARs spared with acceptable
accuracy, the position of the patient must remain consistent and reproducible on a
daily basis throughout the entire treatment pathway. In order to be able to plan
directly from PET/CT data, it is therefore necessary to adapt the PET/CT suite so
that patients can be imaged in the treatment position.

Soft-mattress couches commonly used for PET scans (Fig. 2.1b) are not used for
radiotherapy treatment; instead flat-top rigid couches are employed to improve

A. Dunlop
Department of Physics, The Royal Marsden NHS Foundation Trust, London, UK
e-mail: Alex.dunlop@rmh.nhs.uk

© Springer International Publishing Switzerland 2017 13
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to Radionuclide Hybrid Imaging - PET/CT, DOI 10.1007/978-3-319-54744-2_2


mailto:Alex.dunlop@rmh.nhs.uk

14 A.Dunlop

Fig.2.1 From left (a) schematic of a single-gantry PET/CT system; (b) a Siemens Biograph PET/
CT system with diagnostic imaging soft-mattress couch; (¢) the same PET/CT suite but with a flat
radiotherapy couch installed; (d) thermoplastic shell attached to the PET/CT flat-top couch using
the same immobilisation devices used for radiotherapy treatment—see Chap. 3 for detailed infor-
mation regarding patient set-up and immobilisation; and (e) an axial CT slice of the couch as used
for QA—the yellow arrows indicate separations that could be measured at regular intervals to
check the absolute distance of the CT scanner. Markers of known separation should also be present
in the longitudinal direction. The turquoise arrow points to a feature of the couch that enables
confirmation of left/right sides in the CT image

Fig.2.2 Various commercially available radiotherapy laser systems that could be used within a
PET/CT suite, from left; free-standing columns for lateral lasers; wall-mounted lateral and sagittal
lasers; and a bridge laser arrangement

patient position reproducibility. Therefore, radiotherapy-ready PET/CT systems
must be able to easily mount flat-top radiotherapy couches (Fig. 2.1c). The couch
top must be consistent with those used for treatment and, in particular, must be
compatible with additional immobilisation devices that will be used during treat-
ment. Such devices vary depending on the site of treatment. For example, a patient-
specific thermoplastic shell may be used for a head and neck cancer patient
(Fig. 2.1d). The flat-top couch should ideally contain markers at known distances
from each other (Fig. 2.1e) to allow absolute distance quality assurance (QA) checks
to be made at regular intervals in both the longitudinal and lateral directions.

To be used for radiotherapy planning, the PET/CT suite must also incorporate a
dedicated radiotherapy laser system. The intersection of the lateral and sagittal
lasers determines localisation coordinates within the immobilised patient from
which the isocentre for treatment can be defined. The laser system should be consis-
tent with that used on the treatment unit. However, equipment within the PET/CT
suite may determine the laser system options that are available (Fig. 2.2). Routine
QA must be carried out on the laser system in order to maintain consistency with the
lasers in the treatment room. A further consideration is the colour of the laser light.
Usually red or green lasers are used; both have the same accuracy and are similar in
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Fig.2.3 (Left) Electron density CT phantom RMI 467 (Gammex, Middleton, WI) in bore of PET/
CT scanner. The phantom consists of a solid-water disc the size of an average pelvis with 16 holes
in which inserts of differing densities can be placed; (Middle) axial CT slice of the RMI phantom
viewed within the Pinnacle® (Philips, Fitchburg, WI) radiotherapy treatment planning system (TPS).
The different inserts have been contoured (various colours) in order to determine the average
Hounsfield units (HUs) for each material within the phantom; (Right) the resulting scanner-specific
plot of physical density (g/cm® on the y-axis) as a function of CT number (HU - 1000 on the x-axis)

cost [6]. However, green lasers are known to be more visible on darker skins [6],
whereas red lasers are better when aligning patients immobilised within thermo-
plastic shells. Therefore, careful consideration is needed in the choice of laser
colour, particularly in the context of PET/CT where efficiency of patient set-up is
important to ensure staff doses are kept as low as reasonably practicable (ALARP).

In order to calculate dose, radiotherapy treatment planning systems (TPSs)
require conversion of all voxels in the CT scan from CT numbers or Hounsfield
units (HUs) to physical density (g/cm?®). To achieve this, a scanner-specific
HU-density look-up table (LUT) is generated and stored within the TPS. The cali-
bration of CT numbers to material density can be realised by performing a CT
acquisition on the scanner to be calibrated, using the same scanning parameters to
be used for patient scans, of a phantom with various inserts of differing, and known,
physical densities. An example of a commercially available phantom capable of
defining the calibration is shown in Fig. 2.3. Regular QA should be performed on
the CT images to ensure constancy of CT numbers within the image. This can prac-
tically be achieved by regularly scanning a phantom of known density and interro-
gating the resulting image to ensure the CT numbers are as expected.

Key Points

e The ability to accurately delineate the clinical target volume (CTV)
remains one of the major challenges of radiotherapy treatment, the use of
PET images can aid this process.

* A single-scan PET/CT approach for radiotherapy treatment planning
enables the radiotherapy plan to be generated on the CT data-set acquired
alongside the PET, thereby reducing the image registration uncertainty
between the two image sets.



16 A.Dunlop

 If a single-scan PET/CT acquisition is to be used directly for radiotherapy
treatment planning it is vital that the necessary instrumentation is in place
to ensure that the patient can be scanned in the treatment position and that
localisation can be performed in the same way as on the treatment unit.

o It is vital that a flat-top couch can be easily mounted and that the couch is
able to accommodate patient immobilisation systems.

» Radiotherapy-quality laser systems should be installed and tested regu-
larly. Additionally, measurements need to be taken to generate a look-up-
table between CT numbers and physical density.
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When performing a therapy PET/CT scan, efficient and effective communication
between the various teams and the patient is essential. Each modality has its own
specific patient preparation, and these need to be combined to ensure that both the
PET scan and the CT scan are of the best diagnostic quality (or optimal image qual-
ity) for radiotherapy planning. Communication and planning is essential prior to the
injection of the radioactive tracer used in PET/CT to minimise the patient’s anxiety
and radiation dose to all staff members (Table 3.1).

The patient preparation for PET/CT scans will depend on the radiotracer being
used for the scan. The most commonly used tracer at present is the glucose analogue
FDG (['*F] fluorodeoxyglucose). FDG accumulation in tissue is proportional to the
amount of glucose utilisation. Increase consumption of glucose is a characteristic of
most cancers and is in part related to our expression of the GLUT-1 glucose trans-
porters and hexokinase activity. However, over the last decade, more and more PET
radiopharmaceuticals are entering clinics.

Below is a table of different types of tracers used and their uptake mechanism
and organs of highest physiological uptake [3] and what preparations are required
for each scan (Table 3.2).
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Table 3.1 Patient preparation table combined for all studies

Radiotherapy planning
PET/CT"  CT with contrast
Fasting preparation v v
Blood glucose level below 7 mmol/l (140 mg/dl) [1] v
Patient changed into hospital gown. Remove all v v
jewellery/metallic objects
Able to lie still on back for between 20 and 30 minin v v
radiotherapy treatment position
Kidney function v
eGFR >60 ml/min/1.73m? or
serum creatinine and urea within normal range [2]
Not allergic to contrast allergy v
Not be claustrophobic v v

“Please refer to Table 3.2. for specific tracer preparations.

Table 3.2 Current Tracers used in PET/CT scanning with their uptake mechanism and organs of
highest physiological uptake and preparations required for scanning

Organs of highest
Molecular uptake physiological Patient fasting
mechanism Tracer Isotope  uptake preparation
Amino acid Methionine F-18 Liver, salivary Fasting for 4-6 h
transport and glands, lachrymal  prior to
protein synthesis glands, bone administration [4].
marrow, pancreas, Patient must be
bowels, renal well hydrated
cortical, urinary
bladder
Flouroethyltyrosine F-18 Pancreas, kidneys, Patients are not

liver, heart, brain, required to fast
colon, muscle

FDOPA F-18 Pancreas, liver, Patients are not
duodenum, required to fast
kidneys,
gallbladder, biliary
duct

Glucose FDG F-18 Brain, Fasting preparation
metabolism myocardium, of 6 h. Blood
breast, liver, glucose level is

spleen, stomach, measured before
intestine, kidney, = FDG injection. The

urinary bladder, ideal glucose level
skeletal muscle, is generally
lymphatic tissue,  accepted to be

bone marrow, lower than 140 mg/
salivary glands, dl[1]

thymus, uterus, Rest and quiet and
ovaries, testicle, warm during uptake
brown fat period

Patient must be
well hydrated
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Table 3.2 (continued)

Molecular uptake
mechanism

Proliferation

Hypoxia

Lipid metabolism

Angiogenesis/
integrin binding

SSTR binding

Tracer
FLT

FMISO

FAZA

Cu-ATSM

Choline

Fluoroethylcholine

Acetate

Galacto-RGD

AHI111585

DOTATOC

DOTATATE

Isotope
F-18

Cu-64

F-18

C-11

Ga-68

Ga-68

Organs of highest
physiological
uptake

Bone marrow,
intestine, kidneys,
urinary bladder,
liver

Kidney, urinary
excretion
Kidneys, gall
bladder, liver,
colon

Liver, kidneys,
spleen, gall
bladder

Liver, pancreas,
spleen, salivary
glands, lachrymal
glands, renal
excretion, bone
marrow, intestine
Liver, kidneys,
salivary glands,
urinary bladder,
bone marrow,
spleen
Gastrointestinal
tract, prostate,
bone marrow,
kidneys, liver,
spleen, pancreas
Bladder, kidneys,
spleen, liver
Bladder, liver,
intestine, kidneys

Pituitary and
adrenal glands,
pancreas, spleen,
urinary bladder,
liver, thyroid
Spleen, urinary
bladder, liver

Patient fasting
preparation
Fasting for 4-6 h
prior to
administration

Patients are not
required to fast
Patients are not
required to fast

Patients are not
required to fast

Fasting for 4-6 h
prior to
administration

Fasting for 4-6 h
prior to
administration

Patients are not
required to fast

Patients are not
required to fast but
should not have
impaired renal
function

(serum creatinine
level >

1.2 mg/dl) [5]
Fasting is not
necessary. It has
been recommended
that octreotide
therapy be
discontinued

(1 day) for
short-lived
molecules and

3—4 weeks for
long-acting
analogues [6]
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Fasting Preparations for Patients with Diabetes Mellitus [1]:

Type II diabetes mellitus (controlled by oral medication):

The PET scan should be performed in the late morning, and patients must comply
with the fasting instructions as indicated above. Patients continue to take oral
medication to control their blood sugar.

Type I diabetes mellitus and insulin-dependant type Il diabetes mellitus:

Ideally an attempt should be made to achieve normal glycaemic values prior to the
PET study. The PET study should be scheduled for the late morning. The patient
should eat a normal breakfast (4 h prior to administration of PET tracer) and
inject the normal amount of insulin. Thereafter the patient should not eat any
more food or fluid apart from tap water.

3.1 Patient Positioning

Ideally patient position for radiotherapy planning should be established and set up
before the administration of the radioactive tracer. Patients should be positioned on
a flat carbon fibre couch top in the radiotherapy planning position where possible.
This requires the use of immobilisation devices and externally mounted lasers.
These devices depend on the anatomical region to be treated according to local
radiotherapy protocols (see Table 3.3).

These devices should be positioned and attached to the flat couch top using a
location bar at the appropriate index position for scanning purposes. All patient
positions need to be carefully documented. Following the positioning session, the
patient should be injected with the tracer in an alternative room for the appropriate
time. The patient should be repositioned with the radiotherapy team and nuclear
medicine team working closely together using the external lasers where present to
align the tattoos/reference points to reproduce the patient position accurately; this
requires manipulation of the patient position on the couch to align the tattoos/refer-
ence points.

Table 3.3 Patient positioning

Anatomical site  Typical radiotherapy position and immobilisation

Brain Supine, thermoplastic mask (head only), head and neck board, head rest and
additional supportive pads

Head and neck Supine, thermoplastic mask (head and shoulders), head and neck board,
head rest and additional supportive knee pad

Thorax and Supine, arms up, lung board, knee pad

abdomen

Breast Supine, both arms or one arm up, inclined board up to 15° with arm supports
Pelvis Supine or prone, knee and lower leg and foot immobilisation device,

supportive pad under head
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PET/CT scanning protocols should include the target volume plus a margin of
surrounding anatomy. Once PET/CT has been acquired, it can be followed by a
contrast enhanced CT for planning purposes; scanning levels should include the
target volume and organs at risk relative to the volume to be treated in their entirety
according to local radiotherapy protocols. Tattoos and reference marks should be
highlighted with the use of radiopaque CT markers.

3.2 Other Considerations

It may be advisable to reserve specific camera time for these planning PET/CT
scans. This would allow members of the radiotherapy team to attend the department
to assist set up patients for the PET/CT scans. Radiotherapy staff needs to be issued
with sounding dosimeters and have sufficient training regarding radiation protection
in respect to PET/CT patients. The reservation of PET/CT cameras and inclusion of
radiotherapy staff will have recourse implications which need to be carefully con-
sidered before undertaking this service.

Key Points

e When performing a therapy PET/CT scan, efficient and effective commu-
nication between the various teams and the patient is essential.

* The patient preparation for PET/CT scans will depend on the radiotracer
being used for the scan.

e The most commonly used tracer at present is the glucose analogue
18F-FDG.

e Ideally patient position for radiotherapy planning should be established
and set up before the administration of the radioactive tracer.

» All patient positions need to be carefully documented.

* PET/CT scanning protocols should include the target volume plus a mar-
gin of surrounding anatomy.

* PET/CT scanning can be followed by a contrast enhanced CT for planning
purposes; scanning levels should include the target volume and organs at
risk relative to the volume to be treated in their entirety according to local
radiotherapy protocols.

e Tattoos and reference marks should be highlighted with the use of radi-
opaque CT markers.

* Reserve specific camera time for these planning PET/CT scans.
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4.1 PET Acquisition and Reconstruction:
Standard Options in PET Scanning

The majority of clinical PET/CT scanning is performed using 2-deoxy-2-('*F)fluoro-
D-glucose (FDG) in whole or ‘half” body scans. These take the form of full-image
sweeps from below the orbits to midway down the thigh. Most scanners acquire the
data as a series of overlapping static views (or bed positions) which are then combined
to produce a single continuous volume of data. The data recorded from the PET scan-
ner is in the form of sinogram data. This needs to be reconstructed to produce the
transverse slices which make up the complete volume. Various methodologies for
reconstruction exist and are an active area of research [1]. Such a broad range of meth-
odologies necessarily leads to a wide variation of image characteristics (including
noise, resolution and quantitative accuracy metrics). Strategies for standardisation
have been suggested [2—4] which all modern scanners can easily achieve but may fall
short of the imaging performance that can be achieved with these systems.

D. Towey (b)) » L. Hill
Radiological Sciences Unit, Imperial College Healthcare NHS Trust, London, UK
e-mail: david.towey @ngh.nhs.uk

© Springer International Publishing Switzerland 2017 23
S. Chua (ed.), PET/CT in Radiotherapy Planning, Clinicians’ Guides
to Radionuclide Hybrid Imaging - PET/CT, DOI 10.1007/978-3-319-54744-2_4


mailto:david.towey@ngh.nhs.uk

24 D. Towey and L. Hill

Guidelines for clinical '8F-FDG vary in recommendations for administered activ-
ity—SNM guidelines quote a range of 370-740 MBq [5] but are not prescriptive,
whereas the EANM guidelines [3] suggest a weight-based scaling which typically
produce activities in the range 200—450 MBq, but this varies with technology used
and scan speed. The BNMS guidelines mirror the EANM recommendations, and
the ARSAC [6] guidelines set a maximum injected activity of 400 MBq for a
standard-sized patient, which they refer to as a diagnostic reference level.

4.2  Deviation for RT Planning PET

Clinical PET scanning is a trade-off between image quality and patient dose, patient
comfort and likelihood of patient motion. If immobilisation devices are used (see
Chap. 2), it is possible to scan specific areas with increased acquisition times—typi-
cally 10 mins—which can lead to better quality PET images. It may be possible to
use less smoothing in the reconstruction with the improved count statistics, and the
reconstruction settings should be optimised for these images.

4.3 (T Acquisition: Standard Options in Diagnostic
Scanning

In PET/CT imaging, the CT dataset is used for attenuation correction of the PET data,
anatomical localisation of any lesions seen on the PET and depending on the quality
of the CT images for direct clinical evaluation. In most diagnostic PET/CT scanning,
the CT doses are optimised as relatively low-dose procedures with associated lower
diagnostic utility. These AC-CT acquisitions typically involve a single continuous
exposure with uniform slicing and reconstruction settings throughout. Tube current
modulation can be employed to improve the dose/image quality optimisation. These
scans result in effective doses of around 5-10 mSv for a half body scan which is
approximately 1/3 of the dose from the equivalent clinical CT examination.

4.4  Deviation for RT Planning CT

There are a number of options for the CT component as it can be used for three
distinct purposes:

e The CT data is scaled to produce the electron density map on which the dose
distributions are calculated.

» Treatment volumes of interest (both targets and organs of risk) can be defined
using high-quality CT data with or without contrast

e The AC-CT can be used to co-register the PET data with other CT datasets.
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For the first two uses, the CT data has to be of sufficient quality to allow good-
quality planning to occur. Suitable image quality is certainly achievable using cur-
rent clinical PET/CT scanners, but limitations in workflows and acquisition details
will generally require them to be acquired as secondary acquisitions taken after the
routine whole/half body acquisition for the PET/CT.

Thus the option for ‘one-stop’ acquisition of the PET/CT and planning data is
unlikely to give any significant dose saving as both low-dose full body scanning and
high-quality localised CT will both be required. Depending of patient pathways and
availability of scanning slots, there may still be an advantage to performing all on a
single day.

The handling of CT contrast by the RT planning system varies by centre and can
include dual acquisition or image correction. There is also evidence to show that the
error in the resulting therapy plan may not be clinically significant [7].

For the AC-CT data to be co-registered with the radiotherapy CT dataset, it is
best if the PET study is performed on a flat couch top and, for head and neck studies,
with the patient position fixed in the head cast system. This requires that the PET/
CT be equipped with the same fixation devices as used in radiotherapy and the laser
alignment system to allow accurate patient positioning. See Chap. 2.

4.5 Respiratory Gating

The use of respiratory gating in both PET and radiotherapy application has been
an area of research for many years and is now starting to be implemented clini-
cally. If treatments are to be given in a respiratory gated form, then planning data
must also be gated. However, the approach in PET is to normalise to the end
expiration which would have to be adjusted to end inspiration to match RT
techniques.

4.6 DICOM, DICOM-RT and Other Options

The Digital Imaging and Communications in Medicine (DICOM) standard is an
internationally used system for distributing and viewing medical image data. It was
introduced to allow cross-vendor distraction of image data and allowed the near
universal introduction of PACS systems. Within the DICOM standard, there are
many modality-specific attributes (or TAGs) which can be used to include important
information about the image dataset to allow proper processing, analysis and inter-
pretation. These include basic image details such as pixel and matrix sizes, pixel
scaling details and in the case of PET data the scaling factors needed to convert the
pixel data into SUV figures.
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Key Points

* Various methodologies for reconstruction exist and are an active area of
research.

o Strategies for standardisation have been suggested, which all modern scan-
ners can easily achieve.

 Guidelines for clinical *F-FDG vary in recommendations for administered
activity.

e Clinical PET scanning is a trade-off between image quality and patient
dose, patient comfort and likelihood of patient motion.

e In PET/CT imaging, the CT dataset is used for attenuation correction of
the PET data, anatomical localisation of any lesions seen on the PET and
depending on the quality of the CT images for direct clinical evaluation.

e In most diagnostic PET/CT scanning, the CT doses are optimised as rela-
tively low-dose procedures with associated lower diagnostic utility.

e There are a number of options for the CT component as it can be used for
three distinct purposes.

— The CT data is scaled to produce the electron density map on which the
dose distributions are calculated.

— Treatment volumes of interest (both targets and organs of risk) can be
defined using high-quality CT data with or without contrast.

— The AC-CT can be used to co-register the PET data with other CT
datasets.

* The handling of CT contrast by the RT planning system varies by centre
and can include dual acquisition or image correction.

* For the AC-CT data to be co-registered with the radiotherapy CT dataset,
it is best if the PET study is performed on a flat couch top and, for head and
neck studies, with the patient position fixed in the head cast system.

* The use of respiratory gating in both PET and radiotherapy application has
been an area of research for many years and is now starting to be imple-
mented clinically. If treatments are to be given in a respiratory-gated form,
then planning data must also be gated.

An addition set attributes allow the DICOM standard to be utilised in the various
stages of radiotherapy treatments. Collectively known as ‘DICOM-RT’, these
include sections on image, dose, structures sets, plan information and treatment
records. The structure-set object includes information about treatment target
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volumes and organs of interest. Some PACS systems are not configured to process
these added fields which must be considered if volumes are being defined on the
PET system. Direct PET-RT transfer is generally less problematic in this respect
assuming such a network connection can be made.
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While PET shows much promise in improving target delineation in radiotherapy
planning, there are some pitfalls which must be acknowledged before adopting
wholescale implementation.

State-of-the-art PET/CT scanners are recommended for radiotherapy planning.
A bore size of 70 cm (accommodates RT immobilization devices and large patients)
is preferred. An integrated CT scanner with flat couch and contrast facilities would
permit the use of CT component of the PET for RT planning.

There are several artefacts (Table 5.1) encountered in PET/CT imaging which
can mimic FDG-avid malignant lesions, and therefore recognition of these artefacts
is clinically relevant and has implications when SUV is used to derive region of
interest used for planning.

CT imaging with intravenous contrast, as a component of the exam, can cause
challenges as it mimics intense FDG uptake [1, 2]. A simple solution to resolving
the uncertainty is to inspect the non-attenuated correction PET images or to perform
a low-dose non-contrast CT prior to contrast administration.

Metallic objects such as dental fillings [3], orthopedic devices, and fiducial
markers can demonstrate falsely elevated tracer uptake. The high CT number of
metal can result in overestimation of the SUV.
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Table 5.1 Examples of artefact in PET/CT

PET-based errors Errors from CT-based attenuation

Calibration problems CT artefacts

Detector failures Non-biological objects in patients®

Resolution and partial volume effects* Respiratory mismatch between PET and CT images®
Patient motion* Patient motion*

Non-malignant FDG avidity*

*Artifacts that can cause specific problems for RT planning

Fig.5.1 Nonmalignant
choline PET uptake in the
prostate around fiducial
markers

In addition, there are many nonmalignant processes which can mimic tumor on
PET such as inflammation around a stent [4], benign inflammation of an organ such
as prostatitis [5] (see Fig. 5.1), and postsurgical changes.

The field of view of a standard CT is 50 cm, whereas PET imagers can detect a
field around 70 cm wide. This leads to truncation, a lack of ability to correct the
lateral aspects of the PET for CT attenuation. This can artefactually reduce SUV.

In areas where there is a large change in attenuation over a small distance,
potentially artefactual uptake can be seen with small errors in fusion. This can be
reduced by scanning in a radiotherapy immobilization device and/or laser align-
ment. Reports on 3D displacements between CT and PET indicate a displacement
error of 0.5 mm [6].

Respiratory motion remains the main challenge for RT planning of lung [7] and
upper GI tract [8] malignancies. The misalignment between scans is most noticeable
at the left lung and in the bases [6, 9, 10] and upper abdomen (hepatic area) [11].

In addition to image registration mismatch, respiratory motion can lead to a decrease
of FDG concentration in (lung) tumors [12]. Erdi et al. describes lesion displacements
of 6.4-24.7 mm when 4DCT was registered with PET which correlates with a decrease
in tumor SUV of 6-24% between the extremes of the respiratory cycle [13].
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Different strategies to reduce respiratory motion artifacts have been proposed
including breathing coaching; exhale breathold has been suggested to be the best option
as this is reproducible and permits a reduction of breathing artifacts up to 28% when
compared with free-breathing scans [14]. Deep inspiratory breathold was proposed by
Nehmeh et al. [15]. These techniques are all dependent on patient compliance.

4D PET/CT is discussed in Chap. 7.

Knowledge of potential sources of artefacts and awareness of the potential advan-
tages and disadvantages of intervention has the potential to produce better quality
PET/CT images that may improve the target volume delineation for PET guided RT.

Key Points

o State-of-the-art PET/CT scanners are recommended for radiotherapy
planning.

* A bore size of 70 cm (accommodates RT immobilization devices and large
patients) is preferred.

* Anintegrated CT scanner with flat couch and contrast facilities would per-
mit the use of CT component of the PET for RT planning.

e There are several artefacts encountered in PET/CT imaging which can
mimic FDG-avid malignant lesions, and therefore recognition of these
artefacts is clinically relevant and has implications when SUV is used to
derive region of interest used for planning.

e CT imaging with intravenous contrast, as a component of the exam, can
cause challenges as it mimics intense FDG uptake. A simple solution to
resolving the uncertainty is to (a) inspect the non-attenuated correction
PET images or (b) to perform a low-dose non-contrast CT prior to contrast
administration.

e Metallic objects such as dental fillings, orthopedic devices, and fiducial
markers can demonstrate falsely elevated tracer uptake (high CT number
of metal can result in overestimation of the SUV).

e The field of view of a standard CT is 50 cm, whereas PET imagers can
detect a field around 70 cm wide. This leads to truncation, a lack of ability
to correct the lateral aspects of the PET for CT attenuation. This can arti-
factually reduce SUV.

* Respiratory motion remains the main challenge for RT planning of lung and
upper GI tract malignancies. The misalignment between scans is most
noticeable at the left lung and in the bases and upper abdomen (hepatic area).

* Knowledge of potential sources of artifacts, advantages, and limitations of
intervention can lead to better quality PET/CT images that may improve
the target volume delineation for PET guided RT.
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6.1 Introduction

CT alone has conventionally informed radiotherapy planning. It provides anatomi-
cal information for delineation and electron density for dose calculation. Integrating
PET/CT for radiotherapy planning offers the opportunity to individualize treatment
and improve patient outcome. PET/CT’s molecular insight of tumour biology could
facilitate a move away from ‘one-size-fits-all’ prescription to more accurate person-
alized radiotherapy [1].

6.2

6.2.1

Advantages

Accuracy in Disease Delineation

PET/CT can more closely reflect pathological staging and improve interobserver
concordance of tumour and involved lymph node delineation [2]. Accuracy in
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Fig. 6.1 Non-small cell cancer affecting left lung, (a) axial slice through radiotherapy planning
CT, demonstrating associated collapse and consolidation making tumour boundaries difficult to
distinguish, (b) FDG-PET/CT axial slice through corresponding area shows FDG avidity of
tumour (SUV,,,, 28.8) to guide delineation for radical radiotherapy

contouring is fundamental to ensure dose is delivered to the correct areas. Certainty
in tumour delineation often results in smaller treatment volumes with less normal
tissue irradiation [3]. As a result PET/CT is commonly used for radical lung radio-
therapy planning because of well-known difficulties in distinguishing tumour,
necrosis, atelectasis and normal tissue boundaries (Fig. 6.1) [2].

6.2.2 Future Potential for Individualizing
Radiotherapy Treatment

PET/CT offers ability to identify biological sub-volumes within the tumour and
could be used with intensity-modulated radiotherapy (IMRT) to allow complex dose
shaping with non-uniform dose (Fig. 6.2). For example, hypoxic tumour regions
demonstrate intrinsic radioresistance, **Cu-ATSM could be used to define these
areas and inform sub-volume for dose escalation [4]. This strategy is known as
‘dose painting by contours’; a PET-based volume (biological target volume) is
treated to a specified dose level while keeping the mean dose to the remaining target
constant. Alternatively quantitative PET information can be used to adapt the radio-
therapy prescription. This is known as ‘dose painting by numbers’, an inhomoge-
neous dose across the target volume is informed by the PET voxel intensity [5].
Numerous planning studies in various tumour types have shown feasibility of these
approaches to inform radiotherapy planning; however randomized clinical trials are
needed to demonstrate whether this translates to improving local disease control
and toxicity for patients [5].

PET/CT performed during the course of radiotherapy may also facilitate adapta-
tion of the remaining fractions to either increase dose to sub-volumes with apparent
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Fig. 6.2 Non-small cell lung cancer of left lung with infiltration of mediastinum, right thoracic
inlet and right hilar lymphadenopathy (T4N3), (a) axial slice through radiotherapy planning CT,
(b) FDG-PET/CT axial slice through corresponding area shows heterogeneity of FDG uptake
through tumour volume, (¢) sub-volume for potential dose escalation defined by SUV threshold-
ing, (d) region of interest imported into planning system, however, requires further registration
optimization for planning purposes

poor response or reduce dose to areas of excellent radiotherapy response to spare
normal tissue further.

6.3 Considerations and Limitations

Given that planning CT provides the electron density information from which dose
calculations are currently made, PET/CT images require precise registration to the
planning CT.

For rigid registration, patient scanning takes place with identical setup to that of
radiotherapy planning and treatment, i.e. flat top couch, immobilization devices,
light lasers and tattoos as appropriate [6]. Alternatively deformable registration
algorithms accommodate for any spatial difference between the volume elements of
the different scans [7]. Some setup parameters however may not be possible to
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reproduce. For example, the PET/CT bore size may prevent the use of some immo-
bilization devices; a full bladder may be indicated for treatment (e.g. prostate) but is
avoided for PET/CT to minimize radioactivity bladder accumulation.

Disease sites subject to significant respiratory motion can introduce uncertainty
and artefact. As a result the specific uptake value (SUV) may be underestimated or
the volume overestimated. For this reason motion mitigation strategies should be
considered particularly for thoracic tumours as they are in radiotherapy [7, 8].

Quantitative analysis of the SUV is also subject to a number of other potential
errors including extravasation or incomplete injection, longer uptake period and
patient’s blood glucose in circumstances where *FDG-PET is used [9].

Contouring with PET/CT can be operator dependent as there are no robust stan-
dard for display thresholds. Adjustments to the image windowing settings are often
arbitrary and can easily make the tumour appear bigger or smaller introducing a
potential systematic error. The alternative is to use automatic or semiautomatic seg-
mentation methods [3]. This also leads to different volumes depending on method
used [10].

Dose painting methods are subject to these technical limitations but also from the
PET voxel size used, the biological and chemical characteristics of the tracer used
and the accuracy of dose calculations with small radiotherapy treatment fields [9].
The technical issues of the accuracy of radiotherapy delivery need to be considered
if boosting small volumes particularly if there are significant dose gradients to
ensure areas to be boosted receive the intended dose.

The other fundamental issue is that the metabolic state of tumours is likely to be
dynamic. So a hypoxic subregion for one fraction may be in a different for the sub-
sequent fractions. This then necessitates more dynamic dose painting approaches.

Conclusion

In practice PET/CT remains an expensive imaging modality with limited
wider acceptance in routine clinical planning. The majority of work to date
has been dosimetric planning studies, further trials to determine whether this
translates into clinical benefit is required. Multicentre trials with PET how-
ever face specific issues so require emphasis on standardization and validation
of methods to produce meaningful results. In the UK establishing accredited
scanning sites operating to rigorous standards is now recognized as the best
way to achieve this.

Key Points

* Integrating PET/CT for radiotherapy planning offers the opportunity to
individualize treatment and improve patient outcome.

* PET/CT’s molecular insight of tumour biology could facilitate a move
away from ‘one-size-fits-all’ prescription to more accurate personalized
radiotherapy.
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e PET/CT can more closely reflect pathological staging and improve interob-
server concordance of tumour and involved lymph node delineation.

e PET/CT is commonly used for radical lung radiotherapy planning because
of well-known difficulties in distinguishing tumour, necrosis, atelectasis
and normal tissue boundaries.

* PET/CT offers ability to identify biological sub-volumes within the tuamour
and could be used with intensity-modulated radiotherapy (IMRT) to allow
complex dose shaping with non-uniform dose.

e PET/CT performed during the course of radiotherapy may also facilitate
adaptation of the remaining fractions to either increase dose to sub-vol-
umes with apparent poor response or reduce dose to areas of excellent
radiotherapy response to spare normal tissue further.

* Given that planning CT provides electron density information from which
dose calculations are currently made, PET/CT images require precise reg-
istration to the planning CT.

* Disease sites subject to significant respiratory motion can introduce uncer-
tainty and artefact (SUV may be underestimated or the volume
overestimated).

e Quantitative analysis of the SUV is also subject to a number of other
potential errors including extravasation or incomplete injection, longer
uptake period and patient’s blood glucose in circumstances (where *FDG-
PET is used).

* Contouring with PET/CT can be operator dependent as there are no robust
standard for display thresholds.

e Metabolic state of tumours is likely to be dynamic (hypoxic subregion for
one fraction may be in a different for the subsequent fractions) and neces-
sitates more dynamic dose painting approaches.
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7.1 Introduction

As previously described, the aim of radiotherapy is to deliver a high dose of radia-
tion to a tumour whilst minimising the radiation dose delivered to surrounding tis-
sue. Significant developments in conformal techniques mean that it is increasingly
possible to plan and deliver irregular dose distributions that meet these conditions.

However, one of the most important limiting factors affecting radiation delivery
is the ability to match the positioning of the radiation beams to the target in ques-
tion. In order to account for positioning uncertainties, it has become standard prac-
tice to add a margin to the defined target [1-3].

The addition of margins clearly reduces the therapeutic index (the relationship
between the dose delivered to the tumour and the dose delivered to the surround-
ing tissue). In situations where there is significant movement of the target tumour,
either inter-fractionally over several days or during the seconds/minutes for which
the treatment beam is turned on, then the therapeutic index is compromised
further.

Respiratory motion will affect all organs within the thorax and abdomen to some
degree [4]. Lungs are most affected followed by liver and breast. Therefore a num-
ber of strategies have been developed over the last 20 years in order to manage
motion and attempt to improve clinical outcomes.
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7.2  Breath-Hold Techniques

One early technique was to focus on breath-hold techniques at both the point of
treatment delivery on the linear accelerator and at the point of imaging patients for
planning purposes.

Breath-hold CT imaging is relatively easy to accomplish, particularly given the
fast acquisition times which modern scanners can achieve. Breath holding can be
patient controlled or alternatively undertaken with an active breathing control
(ABC) method. ABC devices monitor the patient’s respiratory cycle using a valved
spirometer and enable a breath-hold at a predetermined point in that cycle.

Typical PET imaging protocols acquire emission data for at least 2 min per bed
position. None the less, there have been several investigations into breath-hold PET
imaging [5-8]. Imaging is generally limited to a single bed position, and patients are
asked to hold their breath for up to 20 s. Statistical limitations are overcome by
acquiring over multiple breath holds and summing the data.

7.3 4D PET/CT

4D CT has now been used for over a decade to assess tumour motion over the course
of the respiratory cycle [9, 10]. A surrogate signal assumed to reflect respiration is
acquired in parallel with CT data acquisition. Pressure sensors, strain-gauge belts,
spirometry systems and optoelectronic systems have all been used to provide such a
signal.

The CT acquisition may be either prospective or retrospective. In the prospective
case, the signal is used to identify a specific part of the respiratory cycle and limit
data acquisition to this window. Radiation doses are therefore of the same order of
magnitude as for conventional CT imaging.

In the retrospective mode, data is acquired such that projection data are acquired
over the entire respiratory cycle. Consequently such scans are characterised by a
longer scan time and higher patient dose. Data can be binned according to either the
relative amplitude or phase of the external signal (see Fig. 7.1).

The same external signal can be used to bin the PET data and reconstruct 4D
PET images. As well enabling motion tracking, 4D PET also has the potential for
improved spatial resolution and more accurate quantitation. As with breath-hold
PET, respiratory gated PET images will suffer from reduced signal to noise unless
imaging time is extended.

Ideally attenuation correction should be undertaken with a 4D CT dataset [11,
12], although this may not always be possible depending on the manufacturer.
Particular care needs to be given to the synchronisation of the CT and PET images.
For example, the amplitude-based binning illustrated in Fig. 7.1 would not provide
a well-matched set of images if the PET data is binned according to phase. Even if
phase binning was used in each case, the temporal resolution of the CT is deter-
mined by the tube rotation time and therefore the width of the gates will not neces-
sarily be equivalent between the modalities.
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Fig.7.1 Tllustration of a respiratory surrogate signal from which gates have been derived using
either (a) amplitude binning or (b) phase binning

Key Points

¢ The most important limiting factors affecting radiation delivery is the ability
to match the positioning of the radiation beams to the target in question.

* To account for positioning uncertainties, the standard practice is to add a
margin to the defined target.

e The addition of margins clearly reduces the therapeutic index (the relation-
ship between the dose delivered to the tumour and the dose delivered to the
surrounding tissue).
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» Respiratory motion will affect all organs within the thorax and abdomen

to some degree. Lungs are most affected followed by liver and breast.

e Breath-hold CT imaging is relatively easy to accomplish, particularly

given the fast acquisition times which modern scanners can achieve.

* Breath holding can be patient controlled or alternatively undertaken with

an active breathing control (ABC) method.

e 4D CT has now been used for over a decade to assess tumour motion over

the course of the respiratory cycle.

* Ideally attenuation correction should be undertaken with a 4D CT data-

set, although this may not always be possible depending on the
manufacturer.

* Synchronisation of the CT and PET images is necessary.

References

10.

12.

. ICRU Report 83: Prescribing, recording, and reporting photon-beam intensity-modulated radi-

ation therapy (IMRT). J ICRU. 2010;10(1):NP.

. ICRU Report 50. 1993.
. ICRU Report 62 prescribing, recording and reporting photon beam therapy (Supplement to

ICRU Report 50). 1999.

. Cole AJ, et al. Motion management for radical radiotherapy in non-small cell lung cancer. Clin

Oncol (R Coll Radiol). 2014;26(2):67-80.

. Kawano T, Ohtake E, Inoue T. Deep-inspiration breath-hold PET/CT of lung cancer: maxi-

mum standardized uptake value analysis of 108 patients. J Nucl Med. 2008;49(8):
1223-31.

. Nehmeh SA, et al. Deep-inspiration breath-hold PET/CT of the thorax. J Nucl Med.

2007:48(1):22-6.

. Shyn PB, et al. Minimizing image misregistration during PET/CT-guided percutaneous inter-

ventions with monitored breath-hold PET and CT acquisitions. J Vasc Interv Radiol.
2011;22(9):1287-92.

. Torizuka T, et al. Single 20-second acquisition of deep-inspiration breath-hold PET/CT: clini-

cal feasibility for lung cancer. J Nucl Med. 2009;50(10):1579-84.

. Ford EC, et al. Respiration-correlated spiral CT: a method of measuring respiratory-induced

anatomic motion for radiation treatment planning. Med Phys. 2003;30(1):88-97.
Vedam SS, et al. Acquiring a four-dimensional computed tomography dataset using an exter-
nal respiratory signal. Phys Med Biol. 2003;48(1):45-62.

. Sakaguchi Y, et al. Importance of gated CT acquisition for the quantitative improvement of the

gated PET/CT in moving phantom. Ann Nucl Med. 2010;24(7):507-14.
Nagel CCA, et al. Phased attenuation correction in respiration correlated computed tomogra-
phy/positron emitted tomography. Med Phys. 2006;33(6):1840-7.



Partlil

PET/CT in Radiotherapy Planning - Current
Evidence and Applications



Lung Cancer

Angus O'Connor and Helen M. Betts

Content

R ereNCES. . . .o 49

The most significant impact of PET/CT in lung cancer radiotherapy planning is
through the well-established improvement in primary tumour staging compared with
conventional CT alone. FDG (*8F-fluoro-deoxy-glucose) PET/CT has been shown to
identify distant metastases in up to 30% of cases compared with conventional CT
staging [1, 2]. Identification of tumour outside a potential radiotherapy field pre-
cludes radical treatment with curative intent which significantly changes patient
management (Fig. 8.1). It may also identify occult lesions in critical anatomical sites
such as the spine and weight bearing bones which require local treatment.

Maximum standardised uptake value (SUV ) has been shown in some stud-
ies of both conventionally fractionated and stereotactic radiotherapy to be a pre-
dictor of progression-free survival, but the literature is by no means conclusive
in this regard [3, 4]. In addition, there is no consensus on cutoff SUV values.
Dose alteration on the basis of SUV ,,, has been suggested but convincing out-
come data does not as yet exist. Pretreatment SUV analysis of lung tissue has
also been shown in one study to identify patients at high risk of radiation pneu-
monitis [5].
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Fig.8.1 Fused axial FDG-PET/CT scan in a 73-year-old male patient being assessed for radical
radiotherapy treatment of a primary bronchogenic carcinoma. Image through the lower pelvis
demonstrates focal increased activity in the left acetabulum (arrow) in keeping with a metastasis,
precluding radical treatment with curative intent

Practical radiotherapy planning involves a compromise between dose escala-
tion in the primary tumour, adequate coverage of involved nodal stations and
minimising toxicity to normal structures. PET/CT may be used as a direct aid
when delineating treatment volumes on a planning CT study. Justification for this
is supported by the high negative predictive value of FDG-PET (>90%) in stag-
ing mediastinal lymph nodes [6], allowing the oncologist to restrict gross target
volumes where possible. FDG-PET is also being widely used to reduce treatment
portal size by distinguishing FDG-negative atelectasis from PET-positive pri-
mary tumour (Fig. 8.2). Although definitive outcome data to support this practice
is limited, studies have demonstrated the accuracy of FDG-PET/CT in tumour
volume delineation compared with pathological specimens [7]. PET/CT has also
been shown to improve interobserver variability in delineating treatment vol-
umes which is highly desirable though again unproven to lead to more favourable
outcomes in itself.

Fusion of FDG-PET and planning CT images or dedicated PET/CT planning
sessions is the logical next step and has been the subject of considerable inter-
est. The principal challenges are reconciling the limited resolution of PET with
the precise collimation of radiotherapy fields demanded for modern dose
escalation and the problem of respiratory motion. At present the evidence
would not appear to justify routine dedicated 3D FDG-PET/CT internal gross
tumour volume planning compared with 4D contrast-enhanced CT which is the
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Fig. 8.2 Fused axial FDG-PET/CT images in patients with primary bronchogenic carcinoma
being assessed for radical radiotherapy. (a) A 69-year-old male patient with a large left-sided
tumour. (b) Inferiorly the metabolically active tumour can be clearly separated from adjacent atel-
ectasis (arrow), allowing a reduction in target volume. (¢) A 52-year-old female patient with
increased activity in a right-sided central tumour. (d) Increased activity is seen distally anteriorly
and laterally in wedge-shaped portions of tissue contiguous with the tumour (arrows). Due to the
increased activity in this area, it is not possible to accurately separate atelectasis and consolidation
from tumour making precise radiotherapy planning difficult

current gold standard [8]. 4D PET/CT radiotherapy planning may lead to
improved target volume definition but is not yet widely available.

Hypoxia has long been known to cause resistance to radiotherapy.
Selective PET tracers which accumulate in hypoxic tissues have therefore
generated considerable research interest [9] (Fig. 8.3). Comparisons with FDG
images show that regions of hypoxia do not necessarily correlate with the areas
of the highest metabolic activity, demonstrating that FDG is not a reliable sur-
rogate marker for hypoxia [10]. Future trials are likely to focus on whether
hypoxia PET scans can identify the patients who would benefit from dose modu-
lation in hypoxic regions.
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Fig. 8.3 Fused PET/CT images of primary bronchogenic carcinoma with HX4, a promising
hypoxia imaging tracer. (a) Markedly increased activity is seen in a left-sided tumour extending
into subcarinal lymphadenopathy indicating hypoxia and possible radiotherapy resistance. (b) In
another patient, activity in the right lower lobe lesion is similar to background suggesting the
absence of generalised tumour hypoxia (Images courtesy of Threshold pharmaceuticals)

Key Points

e Impact of PET/CT in lung cancer radiotherapy planning is through the
well-established improvement in primary tumour staging compared with
conventional CT alone.

e 18F-FDG-PET/CT has been shown to identify distant metastases in up to
30% of cases compared with conventional CT staging.

e Identification of tumour outside a potential radiotherapy field precludes
radical treatment with curative intent which significantly changes patient
management.
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* It may also identify occult lesions in critical anatomical sites such as the
spine and weight bearing bones which require local treatment.

* Maximum standardised uptake value (SUV,,.,) has been shown in some
studies of both conventionally fractionated and stereotactic radiotherapy to
be a predictor of progression-free survival, but the literature is by no means
conclusive in this regard.

e There is no consensus on cutoff SUV values. Dose alteration on the basis
of SUV,..x has been suggested, but convincing outcome data does not as
yet exist.

e PET/CT may be used as a direct aid when delineating treatment volumes
on a planning CT study particularly through the high negative predictive
value in mediastinal lymph node evaluation.

* FDG-PET is also being widely used to reduce treatment portal size by
distinguishing FDG-negative atelectasis from PET-positive primary
tumour.

e 4D PET/CT radiotherapy planning may lead to improved target volume
definition but is not yet widely available.

* Hypoxia has long been known to cause resistance to radiotherapy. Selective
PET tracers which accumulate in hypoxic tissues provide complimentary
information to FDG imaging, possibly in the future guiding dose escala-
tion strategies.
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9.1 Introduction

Clinical practice in treating head and neck cancers (HNC) makes use of
BE-fluorodeoxyglucose (FDG) PET/CT, but other tracers are under investigation
and may provide additional clinically useful information [1].

9.2 Staging

Radiotherapy (RT) planning for HNC relies on accurate and anatomically precise stag-
ing information. The UK Intercollegiate Standing Committee on Nuclear Medicine
2013 recognises the following indications for FDG-PET/CT staging of HNC: equivo-
cal clinical staging, patients at high risk of disseminated disease and identification of
occult primary tumour(s) in patients presenting with metastatic squamous cell carci-
noma in cervical lymph nodes (LN). Whilst systematic reviews show FDG-PET/CT to
be highly accurate in diagnosing and staging HNC [2, 3], FDG-PET/CT scanning lacks
sensitivity for LNs <5 mm, necrotic LNs and tumours with low metabolic activity.
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Fig.9.1 Multimodality functional imaging from a patient with a T3N2bMO HPV-positive squa-
mous cell carcinoma of the right oropharynx. All images were obtained using identical patient
positioning and thermoplastic mask immobilisation before starting radical chemo-RT. Equivalent
axial slices are shown at the level of the primary tumour. From the left: CT, "*F-FDG-PET, T2w
MRI and diffusion-weighted MRI (Courtesy of Dr. Alex Dunlop)

Table 9.1 Summary of Advantages

strengths and weakne§ses of Reduced interobserver variation in GTV delineation
FDG-PET/CT for radiother- Reduced size of GTV

apy planning for head and

Identifying tumour or LN missed by CT/MRI
neck cancer

Identifying GTV regions potentially requiring additional
radiation dose

Disadvantages

Limited spatial resolution

Lack of standardised method for signal segmentation
False-positive PET readings due to inflammation/biopsy

9.3 Target Volume Definition

Consensus guidelines have standardised LN delineation for HNC RT planning, but not
the delineation of primary HNC tumours. Since the introduction of intensity-modulated
RT (IMRT) for HNC, there has been a shift from anatomically based primary clinical
target volumes (CTV) to volumetric primary CTVs based on marginal expansion from
a primary gross tumour volume (GTV). The volumetric CTV approach has greater
dependency on accurate imaging data, and in this context FDG-PET/CT may be par-
ticularly valuable. Correlation of surgical specimens with pre-operative imaging shows
that FDG-PET/CT-defined GTVs are closer to those defined by histology than either
CT or MRI [4]. However, techniques for delineating GTVs using FDG-PET/CT have
not been standardised, and there is no consensus on the optimal methodology [1].
Currently, the best approach is to incorporate data from all available imaging modali-
ties (Fig. 9.1), along with clinical findings, into HNC GTV definition [5]. Strengths and
weaknesses of FDG-PET/CT for HNC RT planning are summarised in Table 9.1.
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Fig.9.2 Planned radical radiotherapy dose distribution, for the same patient shown in Fig. 9.1, over-
laid on the RT planning CT (fop) and pretreatment "*F-FDG-PET (bottom). The pink and blue colour
washes on the top panel denoted the high- (PTV1) and low- (PTV2) dose PTVs, respectively.
Coloured contours on both panels denote radiotherapy isodose levels: red 100% prescription dose
PTV1 (65.0 Gy), green 95% prescription dose PTV1 (61.7 Gy), blue 100% prescription dose PTV?2
(54.0 Gy) and yellow 95% prescription dose PTV2 (51.3 Gy). The heterogeneity of FDG uptake
within PTV1 is evident, naturally lending itself to IMRT dose painting (Courtesy of Dr. Alex Dunlop)

9.4 Dose Painting and Adaptive Radiotherapy

FDG-PET/CT may identify tumour subvolumes for IMRT dose boosting, as can be
appreciated from Fig. 9.2. A phase 1 study of FDG-PET/CT-based GTV subvolume
dose escalation has demonstrated the clinical feasibility of this approach [6].

Adaptive IMRT modifies an IMRT plan according to changes in GTV and/or
surrounding normal tissues on serial CT imaging through the course of treatment.
Adaptive IMRT for HNC may improve delivered RT doses relative to conventional
IMRT. It is not yet clear whether FDG-PET/CT adds significant additional informa-
tion to CT alone for adaptive IMRT, and so far one comparative study has found no
benefit from the addition of FDG-PET/CT data [7].
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9.5 Treatment Response Evaluation

Pretreatment FDG-PET/CT can identify patients at high risk of treatment failure
[8]. Sequential FDG-PET/CT imaging through a course of radical RT may provide
data with greater predictive power [9].

After primary radical chemo-RT for HNC, imaging is used to assess response. In
a meta-analysis, the weighted mean (95% CI) pooled estimates for sensitivity, spec-
ificity, positive predictive value and negative predictive value of FDG-PET/CT for
detection of residual disease following radical chemo-RT for HNC were 87.7%
(83.4-91.2%), 87.8% (85.1-90.2%), 75.7% (70.8-80.1%) and 94.3% (92.2-96.0%),
respectively [10]. Accuracy of FDG-PET/CT is greatest if imaging is delayed until
>12 weeks after RT [10].

Key Points

* Radiotherapy (RT) planning for HNC relies on accurate and anatomically
precise staging information.

e Consensus guidelines have standardised LN delineation for HNC RT
planning, but not the delineation of primary HNC tumours.

* Introduction of intensity-modulated RT (IMRT) for HNC led to a shift from
anatomically based primary clinical target volumes (CTV) to volumetric
primary CTVs based on marginal expansion from a primary gross tumour
volume (GTV).

* FDG-PET/CT may identify tumour subvolumes for IMRT dose boosting.

e Pretreatment FDG-PET/CT can identify patients at high risk of treatment
failure.

* Sequential FDG-PET/CT imaging through a course of radical RT may pro-
vide data with greater predictive power.

e After primary radical chemo-RT for HNC, imaging is used to assess
response. Accuracy of FDG-PET/CT is greatest if imaging is delayed until
>12 weeks after RT.
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10.1 Introduction

GI malignancy covers four main tumour sites: oesophagogastric, hepatobiliary,
colorectal and anus with radiotherapy having an important role to play in each of
these sites. PET/CT is not standard in the planning procedure for these patients, but
research is ongoing and most available data relates to rectal cancer [1, 2].

10.2 Rectal Cancer

The potential benefits of PET scanning in rectal RT planning are illustrated by a study
comparing CT-PET-, MR-PET- and FDG-PET-based tumour length measurements
with pathology in patients receiving short-course RT (5 x 5 Gy) and surgery [3].
Although no significant correlation was found between CT-based measurements with
the resection specimen, a modest correlation was detected with MR-based measure-
ments (Pearson’s correlation = 0.55, p < 0.001), and a good correlation was confirmed
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Fig.10.1 MRI and 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) images of
a patient with locally advanced rectal cancer prior to chemoradiotherapy. The rectal tumour is dem-
onstrated as an annular mass on axial MRI imaging (a). The most metabolically active part of the
tumour extends from the 10 to 4 o’clock position where it abuts the prostate and seminal vesicles
(b). Enlarged lymph nodes with mixed signal and irregular borders are observed on MRI (c—white
arrow). However, these lymph nodes were of low FDG avidity and were not reliably detected by
PET (d), emphasising the importance of using MRI in conjunction with PET for RT planning

with manual FDG-PET measurements (Pearson’s correlation = 0.72, p < 0.001), but
the best correlation with pathology was observed with automatic PET/CT based mea-
surements (Pearson correlation = 0.91, p < 0.001). An overestimation of the rectal
tumour diameter and volume using manual MRI-based measurements compared with
PET-based contouring has also been reported [4]. This is an important consideration,
especially for low rectal cancers where the caudal border of the treatment volume may
be tailored, resulting in avoidance of sphincter irradiation (Fig. 10.1).

The use of FDG-PET/CT has been shown to reduce the interobserver variability in
rectal tumour delineation. In a recent study, GTVs generated from automatic contours
on PET scan were compared with GTVs manually delineated by multiple observers [2].
GTVs based on PET were more consistent with the PET auto-contouring method.
Moreover, the CTV based on PET extended outside of the CTV used in clinical prac-
tice in almost a third of patients, suggesting that the integration of PET in the RT
planning process in rectal cancer has the potential to avoid geographical misses. This
may have important clinical implications for defining the phase II ‘boost’ for rectal
tumours with involved circumferential resection margins [5].
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10.3 Oesophageal and Pancreatic Cancer

Radiotherapy planning for oesophagogastric carcinomas is notoriously difficult because
of poor tumour delineation on standard imaging. CT demonstrates bulk disease but has
limitations in defining longitudinal spread of disease, and endoscopy only gives the
luminal dimensions. FDG-PET has been observed to improve intra- and interobserver
variability. Using endoscopic ultrasound (EUS) as gold standard, FDG-PET facilitated
a more accurate delineation of oesophageal tumour length compared with CT [6]. In
pancreatic cancer, the use of FDG-PET fusion with planning CT has resulted in GTVs
that were smaller overall compared with CT alone [7] (Figs. 10.2 and 10.3).

Fig.10.2 CT and 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) images of a
patient with oesophageal cancer prior to chemoradiotherapy. The primary tumour is demonstrated
as an annular mass on both CT and CT-PET (a and b). Metabolically active hilar lymph nodes are
present on PET/CT (d—black arrows). Lymph node spread was not detected on cross-sectional CT
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Fig.10.3 CT and 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) images of
a patient with locally advanced pancreatic cancer prior to chemo-RT. A poorly enhancing mass is
seen in the body of the pancreas with evidence of vascular encasement (a). FDG avidity is observed
to correspond with the mass at the junction between the body and tail of the pancreas (b)

10.4 Summary

In the format that’s available to most clinicians at the present time, PET has signifi-
cant limitations for radiotherapy planning [8]. Patient position, slice thickness and
difficulties with co-registration mean that there can be an unrealistic reliance on the
imaging available to our diagnostic systems. FDG-PET can be unreliable in distin-
guishing between benign and pathological lymph nodes because of non-specific
FDG uptake within macrophages [9]. The development of PET tracers measuring
cell proliferation and hypoxia has the potential to improve tumour specificity.
Further work is required to validate their utility in the RT planning process, particu-
larly in the setting of advanced radiotherapy techniques [10].

Key Points

* In GI malignancy, PET/CT is not standard in the planning procedure for
these patients, but research is ongoing and most available data relates to
rectal cancer.

Rectal Cancer

* An overestimation of the rectal tumour diameter and volume using manual
MRI-based measurements compared with PET-based contouring has also
been reported.

* FDG-PET/CT has been shown to reduce the interobserver variability in
rectal tumour delineation.
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* Integration of PET in the RT planning process in rectal cancer has the
potential to avoid geographical misses.

Oesophageal Cancer

» Radiotherapy planning for oesophagogastric carcinomas is notoriously
difficult because of poor tumour delineation on standard imaging.

e FDG-PET has been observed to improve intra- and interobserver
variability.

» Using endoscopic ultrasound (EUS) as gold standard, FDG-PET facili-
tated a more accurate delineation of oesophageal tumour length compared
with CT.

Pancreatic Cancer

* FDG-PET fusion with planning CT has resulted in GT Vs that were smaller
overall compared with CT alone.
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The use of choline-PET/CT (C-PET/CT) in prostate radiotherapy planning has been
evaluated in two principal settings: patient selection for treatment and target volume
delineation. Choline-based tracers are used, as the relatively low glucose metabo-
lism of prostate cancer means FDG-based tracers perform poorly [1].

11.1 Patient Selection for Treatment

Accurate staging is essential prior to radical radiotherapy treatment. The finding of
lymph node or bone involvement may require a change in the radiotherapy field
shape or make radiotherapy treatment inappropriate [2]. Evangelista et al. per-
formed a meta-analysis of ten studies of C-PET/CT in intermediate- and high-risk
localised prostate cancer prior to radical treatment [3]. They reported sensitivity of
49% and specificity of 95% for detection of lymph node metastases. In another
meta-analysis, Umbehr et al. reported sensitivity and specificity of 84% and 79%,
respectively [4]. Regarding bone metastases, similar accuracy to MRI has been
reported [2]. These studies all concluded that there was insufficient evidence for the
routine use of C-PET/CT in this setting. However, the use of C-PET/CT can be
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Tab!e 11.1  Percentage of positive PSA level (ng/ml) Percentage of positive scans (%)
choline-PET/CT scans for a given PSA 0.2-1.0 19
level in patients with biochemical 10-3.0 46
relapse
>3.0 82

considered in patients at high risk of distant metastases with negative findings on
conventional imaging such as MRI and bone scan.

In the setting of biochemical (PSA) failure following radical treatment, the site and
extent of relapse determine further management [2]. Local recurrence following sur-
gery may be treated with salvage radiotherapy. Oligometastatic disease may be treated
with stereotactic radiotherapy [5] and more widespread disease with systemic therapy.
A meta-analysis of 12 studies has demonstrated sensitivity and specificity of 85% and
88%, respectively, for detecting location(s) of relapse [4]. The use of C-PET/CT in
this setting has been reported to change management in approximately 30% of cases
[6, 7]. The ability to detect metastatic disease with a PSA under 20 ng/ml is a signifi-
cant advantage over conventional imaging (CT or bone scan) [2]. However, it is
important to select patients appropriately, as those with a PSA less than 1 ng/ml are
unlikely to have a positive scan (see Table 11.1) [2]. To summarise, there is good evi-
dence to support the use of C-PET/CT restaging following biochemical failure if fur-
ther radiotherapy is being considered and PSA is above 1 ng/ml.

11.2 Target Volume Delineation

Due to its limited spatial resolution of around 5 mm, C-PET/CT has not been exten-
sively evaluated for volume delineation [2]. However, C-PET/CT has been assessed
for delineation of dominant intra-prostatic lesions (DIL). Increasing whole-prostate
radiotherapy dose improves biochemical control but is limited by toxicity to sur-
rounding organs. As the predominant site of intra-prostatic relapse is the DIL, it has
been hypothesised that a radiotherapy boost to this area would improve disease con-
trol [8]. This approach requires an accurate method of delineating the DIL. Magnetic
resonance imaging (MRI) has been the main technique used in clinical studies [9].
Van den Bergh et al. investigated whether C-PET/CT improved the accuracy of DIL
delineation when added to MRI [10]. Pathology was used as the gold standard. They
found only minimal improvement in accuracy and concluded that there was limited
value for C-PET/CT in this setting. In summary, there is insufficient evidence to sup-
port the use of C-PET/CT in target volume delineation at present.

Key Points

* The use of choline-PET/CT (C-PET/CT) in prostate radiotherapy planning
has been evaluated in two principal settings: patient selection for treatment
and target volume delineation.
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e Choline-based tracers are used, as the relatively low glucose metabolism of

prostate cancer means FDG-based tracers perform poorly.

* Accurate staging is essential prior to radical radiotherapy treatment.

* The finding of lymph node or bone involvement may require a change in the

radiotherapy field shape or make radiotherapy treatment inappropriate.

e There is good evidence to support the use of C-PET/CT restaging follow-

ing biochemical failure if further radiotherapy is being considered and
PSA is above 1 ng/ml.

* Due to its limited spatial resolution of around 5 mm, C-PET/CT has not

been extensively evaluated for volume delineation.

* C-PET/CT has been assessed for delineation of dominant intra-prostatic

lesions (DIL).

e There is insufficient evidence to support the use of C-PET/CT in target

volume delineation at present.
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12.1 Cervix Cancer

BEDG PET/CT is routinely used in the staging of primary cervix cancer for assess-
ment of nodal involvement and distant metastasis (Fig. 12.1). A sensitivity and
specificity of 83% and 95%, respectively, has been shown for detecting pelvic
lymph node metastasis [1]. Whilst the sensitivity and specificity for para-aortic
microscopic nodal disease is inferior, PET/CT has been incorporated into the radio-
therapy planning process, primarily as an aid to defining nodal disease for dose
escalation but also for GTV definition.

PET/CT-based GTV delineation has been compared to MRI both to define the
superior border of pelvic/ para-aortic fields and in defining the primary target.
The optimum SUVmax threshold for delineation is a subject of ongoing studies.
Upasani et al. [2] have described a 30% SUVmax to have the best correlation with
MRI-based primary tumour volume; others have utilised an SUVmax of 40% [3].

The main use of PET/CT in cervix radiotherapy planning has been the iden-
tification of lymph node targets for boosting dose (Fig. 12.2). Grigsby et al. [4]
have reported 208 patients safely escalating dose to PET-positive pelvic lymph
nodes 2-3 cm in size to 69.4 Gy, >3 cm to 74.1 Gy, using a concomitant IMRT
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Fig.12.1 Fused FDG-PET/CT for staging of cervical cancer demonstrating primary tumour and
extensive lymphadenopathy extending from the pelvis to supraclavicular fossa

boost technique to simultaneously irradiate uninvolved lymph node chains. The
nodal failure rate was <2%. Others have performed planning studies to model
dose escalation up to 60 Gy whilst maintaining dose constraints to organs at risk
[5, 6]. Clinical evidence for a dose response and optimal boost dose are however
lacking.

Although MRI is established as the gold standard for brachytherapy planning, a
few studies have assessed the use of PET. Malyapa et al. [7] reported the feasibility
of performing PET with brachytherapy applicators in place. Lin et al. [8] compared
PET-based dosimetry to the target volume with standard imaging and concluded
that PET-based planning led to enhanced dose optimisation without increasing dose
to organs at risk.

PET has also been studied to assess response during radiotherapy leading to
adaptive planning based on functional volumes. Early lymph node complete
response at 3 weeks can be correlated with an excellent prognosis [9] and local
control [10]. These findings support the use of dose de-escalation in cases of initial
good functional response, whilst poorly responding nodes and primary tumours can
have plans adapted to escalate dose further.
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Fig.12.2 Fusion of planning CT and PET to aid target delineation in a case of para-aortic nodal
relapse. Non-contrast CT does not demonstrate the target well; fusion of PET imaging allows
accurate depiction of target volume
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12.2 Endometrial Cancer

The use of PET is less well established for endometrial cancer compared to cervical
cancer. Its use lies mainly in the diagnosis of pelvic and distant metastatic disease,
aiding decisions about pelvic lymph node dissection and in assessing local disease.
As most radiotherapy delivered for endometrial cancer is delivered to the post-
operative pelvis, no role for the use of PET in RT planning has yet been explored.

12.3 Novel PET Tracers

C-choline has the advantage of reduced urinary uptake, facilitating primary tumour
identification in cervical cancer but with increased bowel uptake hampering nodal
disease assessment. Comparison of %Cu-ATSM and ®Cu-ATSM in cervix cancer
found a better image quality with ®*Cu-ATSM, because of lower noise, and con-
cluded that *Cu-ATSM appeared to be a safe radiopharmaceutical with high-quality
images of tumour hypoxia. These hypoxic tracers may facilitate further clinical
studies of functional dose painting in cervix cancer.

PET/CT is well established in the radiotherapy pathway for cervix cancer as a
staging tool and for assessment of response. Increasingly it is incorporated into
radiotherapy planning as a functional target for dose escalation.

Key Points
Cervix Cancer

» BEDG PET/CT is routinely used in the staging of primary cervix cancer
for assessment of nodal involvement and distant metastasis.

* PET/CT has been incorporated into the radiotherapy planning process, pri-
marily as an aid to defining nodal disease for dose escalation, but also for
GTV definition.

* PET/CT-based GTV delineation has been compared to MRI both to define
the superior border of pelvic/para-aortic fields and in defining the primary
target.

e The main use of PET/CT in cervix radiotherapy planning has been the
identification of lymph node targets for boosting dose. PET-based planning
led to enhanced dose optimisation without increasing dose to organs at risk.

e PET has also been studied to assess response during radiotherapy leading
to adaptive planning based on functional volumes.

Endometrial Cancer

* Most radiotherapy delivered for endometrial cancer is delivered to the
post-operative pelvis; no role for the use of PET in RT planning has yet
been explored.
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13.1 Introduction

Radiotherapy (RT) is employed as a curative rather than palliative treatment in chil-
dren with cancer. Paediatric cancers are rare, so use of positron emission tomography-
computed tomography (PET/CT) to plan RT is typically performed by specialist
centres. A physiologically heterogeneous population, ranging from neonate to ado-
lescent, has practical implications for image acquisition, interpretation and RT dose.
Increased susceptibility to the effects of ionising radiation leads to pronounced
adverse effects, with the long-term risk of secondary malignancy amplified by con-
current chemotherapy and imaging studies performed during and after treatment [1].
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Table 13.1 Evidence for PET/CT RT planning in children

Lesion PET tracers Evidence/use
Lymphoma BE-FDG Most frequent indication for PET/CT RT planning [3]
Facilitates involved nodal RT [4]

Wilm’s tumour  ¥F-FDG Disease no longer confined to the kidney

Neuroblastoma 'SF-FDG Not a widely used tracer in this tumour type but has
SE-DOPA shown some promise in poorly differentiated/1231-mIBG-
%Ga DOTATATE negative neuroblastoma [5]
2I-mIBG Highly sensitive and specific in the detection of

neuroblastic tumours [6]

Clinical trial awaited

Identifies disease potentially amenable to '"Lu
DOTATATE therapy [7]

Ongoing research

Predicts radiation doses from '*'I-MIBG [8]

Sarcoma BE-FDG Improved disease detection alters treatment in
rhabdomyosarcoma [9]
Brain UC-MET* To delineate actual tumour volume
BE-FET* To differentiate between true disease recurrence and
8R-FCH* pseudoprogression [10]
BE-FLT
SE-DOPA

“Tracers mainly limited to research use but are increasingly being used in clinical practice

Where  "?I-MIBG 12[-metaiodobenzylguanidine, ~ “Ga  DOTATATE = “Ga 1,4,7,10-
tetraazacyclotetradecane-N,N',N" ,N"-tetraacetic acid-octreotate, /C-MET ''C-methionine, *F-FET
8E-fluoroethyl-1-tyrosine, “*F-FCH '8F-choline, *F-FLT "*F-3’-deoxy-3’-fluorothymidine

Using PET/CT to plan RT can potentially reduce a child’s radiation dose by
clarifying areas of uncertainty on conventional imaging and aiding modification of
RT dose in accordance with tumour metabolic response [2].

13.2 Indications

Experience using PET/CT tracers other than '®F-fluorodeoxyglucose ('"*F-FDG) in
the paediatric population is limited although there are a number under study
(Table 13.1).

13.3 Patient Preparation

It is important that both the child and their parents/guardians are adequately
informed prior to the scan to ease any anxiety and aid compliance with the process.
Any written and verbal information should be ideally provided before the appoint-
ment with an opportunity for parents to ask questions (Please also refer to Sect. 2.2:
Patient Preparation and Set-up).
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For RT planning this will necessitate an explanation and possible demonstration
of the use of moulding foams and other immobilisation devices. The need for any
premedication and/or anaesthesia should also be considered at this stage.

Premedication with a benzodiazepine [11] or propranolol [12] may be consid-
ered to suppress 'F-FDG uptake by brown fat which may be a particular problem in
older children [3], although controlling the patient’s environmental temperature is
an effective and preferable alternative [13].

Intravenous access should ideally be obtained prior to the patient’s arrival to the
nuclear medicine department to allay patient stress and increase procedural compli-
ance. If there are difficulties achieving access, central venous catheters may be used,
providing they are distant from suspected disease sites and adequately flushed with
0.9% normal saline after tracer injection [3].

13.4 Scan Protocol

Protocols for children should be designed with the focus upon reducing radia-
tion dose; this is achieved by adjusting the amount of radiotracer injected
according to the weight of the child (e.g. 3 MBg/kg for ¥F-FDG [3]) and CT
tube current according to their size and imaging requirements. In the case of
BE-FDG, tracer should be injected one hour before the PET scan. As is the pro-
cedure in adults, the patient should be kept warm; avoid exercise and talking
during this period.

The table-top and fixation materials used for the PET/CT scan should be identi-
cal to those used in the accelerator to ensure reproducibility. Distraction with music
or a video may help to minimise patient movement.

13.5 Tumour Delineation

On completion the scan is interpreted by a nuclear medicine physician/oncology
radiologist, who determines the gross tumour volume (GTV-PET). Lesion contour-
ing is then performed by visual analysis. The relevant volumes and images are
then transferred to the RT dose planning system so treatment methods can be
formulated.

Conclusion

Minimising irradiation of healthy tissue whilst maximising that delivered to the
tumour target during RT is especially important in children, and PET/CT plan-
ning aids this process. With a continued need to improve treatment outcomes in
this population, its application is set to increase.
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Key Points

» Radiotherapy (RT) is employed as a curative rather than palliative treat-
ment in children with cancer.

* Paediatric cancers are rare, so use of positron emission tomography-
computed tomography (PET/CT) to plan RT is typically performed by spe-
cialist centres.

* Using PET/CT to plan RT can potentially reduce a child’s radiation dose
by clarifying areas of uncertainty on conventional imaging and aiding
modification of RT dose in accordance with tumour metabolic response.

* Protocols for children should be designed with the focus upon reducing
radiation dose.

* The table-top and fixation materials used for the PET/CT scan should be
identical to those used in the accelerator to ensure reproducibility.
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