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Preface

Radiation therapy is one of the pillars of oncological treatment. As opposed to sur-
gery, external beam radiation therapy requires the indirect depiction of the tumour
and its surrounding structures both during the phase of treatment planning and dur-
ing fractionated treatment. Historically, only pretreatment imaging was available
and served as basis for the entire course of treatment, irrespective of anatomical
changes caused, e.g. by tumour response or by patient’s weight loss.

During the last 15 years, advances in the field of image-guided radiotherapy have
been dramatic. Anatomical and functional imaging is available prior to and during
the course of treatment, occasionally even during the treatment fraction. Novel,
tumour type-specific radionuclides have been developed for positron emission
tomography (PET) and enable depiction of small tumour deposits, which would
otherwise have been overlooked. Fast, highly precise radiation therapy techniques
enable the treatment of small lesions. Linear accelerators integrated with magnetic
resonance imaging (MRI) have revolutionized the field since they facilitate online
real-time image-guided radiation dose delivery of moving soft-tissue targets.
Herewith, safety margins compensating for repeat patient positioning and target
motion can be reduced or even abolished, thus reducing dose to normal tissues and
hopefully subsequent side effects.

This book provides the reader with an overview of the value of PET with widely
available as well as more exclusive, tumour-specific for radiation treatment plan-
ning. In-room equipment for online positioning on the linear accelerator is summa-
rized and radiation treatment techniques relying on those imaging possibilities are
explained to experts outside the field of radiotherapy. Moreover, the value of MRI
for soft-tissue tumours both during the phase of target volume delineation for treat-
ment planning as well as during MR-LINAC treatments is focused on. Brachytherapy
of several tumours, such as prostate and gynaecological tumours, heavily depends
on MRI, also this is exemplified in one of the chapters. The ample possibilities of
ultrasonography for image-guidance are furthermore referred to. In those tumours
not well visible on imaging, the use of fiducial markers may play a role—this is
described for oesophageal and prostate cancer. Lastly, the use of artificial intelli-
gence, multimodal imaging for prediction of tumour control as well as of normal-
tissue side effects are topics of the remaining three chapters.



vi Preface

Together with the authors of the different chapters, I hope that this book will be
of value to residents and senior physicians in the fields of radiotherapy, radiology,
and nuclear, as well as to the physicists and radiation technologists of the respective
disciplines.

Dresden, Sachsen, Germany Esther G. C. Troost
April 2022
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CT X-ray Computed Tomography

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

CT-TV CT-only based Target Volume

CTV Clinical Target Volume

EANM European Association of Nuclear Medicine

EARL EANM Research Ltd.

EORTC European Organisation for Research and Treatment of Cancer

ESTRO European SocieTy for Radiotherapy and Oncology

FBP Filtered Backprojection Reconstruction Algorithm

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

GTV Gross Tumour Volume

HNSCC Head-and-Neck Squamous Cell Carcinoma

LOR Line-Of-Response

MRI Magnetic Resonance Imaging

NSCLC Non-Small Cell Lung Carcinoma

OAR Organs At Risk

OSEM Ordered Subsets Expectation Maximisation reconstruction algorithm

PET Positron Emission Tomography

PET-AS Automatic Segmentation of contours in PET

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

Planning-CT

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

PTV Planning Target Volume

STAPLE Simultaneous Truth and Performance Level Estimate
SUV Standardised Uptake Value

SCLC Small Cell Lung Carcinoma

1.1 Introduction

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

Different phases can be distinguished in the development of a treatment plan.
First, accurate information about the localisation and extension of the tumour vol-
ume, with respect to its surroundings, should be obtained, the so-called gross tumour
volume (GTV). This information is obtained by a combination of different diagnos-
tic methods, including physical examination (visual inspection, palpation), medical
imaging [endoscopy, (endo)ultrasonography, computed tomography (CT), mag-
netic resonance imaging (MRI), and positron emission tomography (PET)], and
cytology or histopathology. Second, the information of these different modalities



1 Use of ["®F]FDG PET/CT for Target Volume Definition in Radiotherapy 5

needs to be properly co-registered to the CT scan used for treatment planning pur-
poses. Third, the target volumes are defined on the planning CT: GTV is defined as
the tumour visible (or palpable) on physical examination or imaging. The clinical
target volume (CTV) takes into account the microscopic tumour extension and the
planning target volume (PTV) includes additionally systematic and random setup
inaccuracies, resulting in the volume to be irradiated. These margins make the plan-
ning more reliable, but also account for a smaller therapeutic window [1]. The defi-
nitions of the target volumes are defined in International Commission on Radiation
Units and Measurements (ICRU) Report 50 [2]. Also, the organs at risk (OAR), in
which the radiation dose is to be maximally reduced, are segmented on the images.
Finally, a treatment plan is generated, taking into account geometric (e.g. motion,
patient setup-variability) and physical (e.g. particle range) uncertainties.

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

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

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

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

1.2  [®FIFDG PET/CT
1.2.1 PET/CT

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

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

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

1.2.2 ['®FIFDG

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

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

1.3  Technical Aspects

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

1.3.1 Patient Preparation

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

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

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

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

1.3.3 Fusion and Registration of Treatment Planning PET/CT

1.3.3.1 Registration PET with CTAC

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

1.3.3.2 Registration PET(/CT) with Planning-CT

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

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

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

1.3.4 Motion

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

1.3.4.1 Types of Motion

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

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

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

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

Alignment

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

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

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

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

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

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

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

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

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

Adding biological PET/CT-information, sometimes addressed to as biological or
metabolic target volume, to the planning-CT could be helpful to clarify the nature
(benign versus malignant) of a tumour difficult to differentiate on solely CT. It is
assumed that in some tumour or scenarios tumour borders can be defined more
sharply, by more clearly differentiating malignant from non-malignant tissue (e.g.
post-obstructive atelectasis), by distinguishing ambiguous lymph nodes, and by dif-
ferentiating residual or recurrent disease from post-treatment scar tissue [31-33].
The addition of PET/CT in TVD has shown to lower interobserver variability in
several disease sites, compared to CT-based delineation [34-37]. The added value
of PET/CT target volume delineation depends on, e.g., the applied segmentation
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Fig. 1.3 (a) The target volume (GTV based on CT in yellow and CTV in red) in a non-small cell
lung cancer patient delineated on CT only, (b) the target volume delineated with the additional
information of ['*F]JFDG PET/CT (GTV based on PET in yellow, same CTV in red)

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

1.4.2 PET/CT Segmentation Methods

1.4.2.1 Manual, Semi-Automatic and Automatic

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

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

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

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

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

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

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

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

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

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

1.4.2.2 Drawback of Segmentation Methods

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

1.4.2.3 Consensus Algorithms

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

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

1.4.3 Disease Sites

1.4.3.1 NSCLC and SCLC

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

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

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

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

1.4.3.2 HNSCC

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

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

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

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

1.4.3.4 Gynaecological Tumours

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

1.4.3.5 Lymphoma

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

1.4.3.6 Other Tumours

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

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

1.5 Cons and Pitfalls

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

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

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

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

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

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

1.6 Future Outlook

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

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

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

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

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

As highlighted in Chap. 1, positron emission tomography (PET) is a key component
of primary disease staging in numerous solid tumors. For this means, mainly
2-["8F]fluorodeoxyglucose-(FDG) is used, and ['*F]JFDG-PET-scans are in general
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fused with anatomical imaging modalities, such as computed tomography (CT) and
magnetic resonance imaging (MRI). In radiation oncology, the entire ["*F]FDG-
positive tumor volume is most commonly included in the irradiated target volume,
not taking into account underlying intratumoral heterogeneity regarding radiation
sensitivity or resistance.

In 2000, Ling et al. [1] introduced the concept of the biological target volume
(BTV). They postulated that different imaging modalities may unravel the underly-
ing tumor microenvironment and enable—by including this information—the defi-
nition of different tumor subvolumes believed to require different radiation doses or
other forms of treatment. Already at that time, PET was postulated to be one of the
key imaging modalities for defining the BTV. Thus, in this chapter, PET tracers
beyond [®F]FDG, which depict (1) specific metabolic pathways of the primary
solid tumors, e.g., in primary brain tumors or prostate adenocarcinoma, and/or (2)
characteristics of tumor subvolumes, in head and neck squamous cell carcinoma
and non-small cell lung cancer will be presented.

2.2 Brain Tumors

Anatomical MRI, with its high soft-tissue contrast and spatial resolution, is the
cornerstone of delineating the tumor extent in primary brain tumors. However, MRI
is incapable of accurately depicting the tumor boundaries due to the tumors’ infiltra-
tive behavior. ["*F]FDG cannot be reasonably used due to the physiological glucose
consumption of the healthy brain [2].

The proliferation marker ['®F]-3’-deoxy-3’-fluorothymidine (['®F]-FLT), that
accumulates in cerebral gliomas, is related to the grade of malignancy and progno-
sis [3, 4]. It may thus constitute a suitable alternative to ['*F]JFDG. However, it is
unable to identify the full extent of a glioma, because it is not capable of passing the
intact blood-brain barrier (BBB) and thus usually accumulates in tumor parts that
show disruption of the BBB, i.e., higher grade tumor subvolumes, as indicated by
contrast enhancement on MRI after application of paramagnetic contrast media [5].

In contrast to ['*F]FDG, the uptake of radiolabelled amino acids is low in normal
brain tissue, rendering them appealing in brain tumors since tumor detection by
radiolabelled amino acid PET tracers is feasible with a high tumor-to-background
contrast. The increased uptake of amino acids seems to be predominantly caused by
increased transport of large neutral amino acids through the plasma membrane of
glioma cells via the L-type amino acid transporter (LAT) system subtypes LAT1
and LAT?2 [6-8]. In addition, common amino acid PET tracers pass through the
intact BBB, which enables the depiction of the tumor mass beyond contrast enhance-
ment on MRI [9].

The longest-established amino acid tracer for PET is [''C]-methyl-L-methionine
([*'C]-MET), but ["'C]-MET-PET is restricted to only few neuro-oncology centers
because of the short half-life of [!!C] (20 min) that necessitates an on-site cyclotron.
Consequently, amino acids labeled with ['®F] (with the logistic advantage of a half-
life of 109.8 min), such as O-(2-'8F-fluoroethyl)-L-tyrosine (['*F]-FET) and
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3,4-dihydroxy-6-'8F-fluoro-L-phenylalanine (['F]-FDOPA), have been developed
[10, 11]. Several studies investigating the role of pre-treatment ['*F]-FET-PET
either after surgery or after postoperative chemo/radiotherapy in glioblastoma dem-
onstrated amino acid PET-derived BTV to be highly prognostic for outcome, pro-
viding a rationale for the incorporation of amino acid PET in radiotherapy planning
[12-16].

Beyond MRI-based morphologic gross tumor volume (GTV) delineation, the
BTV may be defined by radiotracer uptake on amino acid PET that identifies tumor
beyond standard MRI [17, 18]. Several studies examining primary tumor material
on a histopathological level have shown that amino acid PET may be more sensitive
to detect the true tumor extent (Fig. 2.1) [19-24]. The BTV defined by [“*F]FET-
PET has been shown to extend beyond the MRI-defined GTV in a considerable
number of cases [25, 26] and the spatial congruence of MRI and [**F]FET-PET for
the identification of glioma GTV has been poor [27]. In addition, the metabolic
information provided by PET may identify subregions of tumor at higher risk of
recurrence, which can be included in the radiation boost volume in order to improve
the therapeutic ratio of radiation treatment. In this setting, PET-guided radiation
dose escalation to metabolically active foci in newly diagnosed glioblastoma
patients could be demonstrated to be feasible and safe; however, overall survival
was not prolonged so far [28].

Small studies analyzing patterns of failure following conventional radiochemo-
therapy based on standard MRI-defined tumor volumes suggest that amino acid
PET-defined tumor volumes may yield a more appropriate radiation target volume
[29, 30]. In these investigations, a proportionate increase in marginal or non-central
tumor recurrences was noted when regions of PET abnormality were not adequately

FET-PET

Fig.2.1 Example of increased amino acid PET-derived BTV as compared to contrast-enhancement
as detected by standard magnetic resonance imaging. In a patient with newly diagnosed glioblas-
toma, biologic tumor volume derived by ['®F]-FET-PET/CT is considerably larger than the volume
with contrast enhancement on conventional MRI. Modified from [18]
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covered by high-dose radiation. Recently, a prospective trial investigating the asso-
ciation of time to recurrence in glioblastoma with [''C]-MET uptake before postop-
erative radiochemotherapy demonstrated a negative prognostic value of increased
tracer accumulation [31]. Of note, regions of PET positivity were often not detected
by MRI and exploratory analysis suggested a spatial correlation of the glioma recur-
rence region with pre-radiochemotherapy PET tracer accumulation in the majority
of patients, hinting at an added value of metabolic imaging beyond anatomical
information.

The impact of PET-based radiation treatment planning in recurrent high-grade
glioma was evaluated in a prospective single-institution trial [32], which showed a
significantly improved overall survival when the target volume was delineated on
both amino acid PET and CT/MRI compared with CT/MRI alone. In 2016, the PET/
RANO report concluded that—in the setting of relapsed glioma—biological target
volumes may be more accurately depicted using amino acid PET tracers and that
metabolically more active tumor sub-volumes may be amenable for dose-painting
[7]. In this light, the current statement by the same group regarding the contribution
of PET imaging to radiotherapy planning and monitoring in glioma patients con-
firmed that the most frequently used radiolabeled amino acids MET, FET, and
FDOPA may improve the delineation of radiotherapy target volumes beyond con-
ventional MRI and identify additional tumor parts that should be targeted by irradia-
tion [13].

Currently, a multicenter phase II trial (GLIAA, NOA-10, ARO2013/1) is testing
the hypothesis that ['*F]FET-PET-based re-irradiation is superior to radiotherapy
only based on conventional MRI [33]. However, the inclusion of amino acid PET-
based tumor volumes in standard-dose radiation therapy and re-irradiation protocols
continue to demonstrate a predominance of in-field tumor recurrences, highlighting
the need for more effective therapies [28]. Additionally, the impact of amino acid
PET in comparison with advanced MRI techniques has not been proven yet and
warrants further investigation.

After radiotherapy, amino acid PET has consistently proven a useful tool in
radiotherapy response assessment in glioma patients with changes in tumor metabo-
lism harboring prognostic value for both progression-free and overall survival [12,
14]. Of note, this technique is particularly valuable in the differentiation between
radiation-related injury and glioma progression with a diagnostic accuracy between
80 and 90% [34, 35].

2.2.1 Glioma Hypoxia and Activated Microglia

Tumor hypoxia is characterized by an oxygen concentration below critical O, levels
and triggers several molecular, biological, and clinical effects, making it a negative
prognostic marker in nearly all solid tumors, including GBM. Hypoxia is a very
important tumor characteristic when considering tumor aggressiveness, leading to
the overexpression of the hypoxia inducible factor (HIF)-1 alpha, which enhances a
number of genes related to proliferation, thus making the tumor more radioresistant
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[36]. Identifying hypoxia within gliomas may highlight the areas, which could
potentially benefit from a radiation dose escalation.

Several PET radiopharmaceuticals have been developed to target hypoxia,
including the nitroimidazole-based compounds ['8F]-fluoromisonidazole
([**F]FMISO) and ['*F]-fluoroazomycin arabinoside (['*F]FAZA). ['**F]IFMISO and
['8F]FAZA are tracers that penetrate the cell by passive diffusion, and under low
oxygen concentration (pO, < 10 mmHg), are progressively reduced, leading to the
production of reactive radicals that bind covalently and irreversibly, to intracellular
molecules. Thus, both vectors accumulate in severely hypoxic tumor cells, which
are reported to be found mainly in high-grade glioma [37, 38]. Hypoxia PET has
been used pre-clinically to guide radiation treatment in a rat glioblastoma model
[39]. However, only a few clinical experiences are available on patients with high-
grade glioma undergoing hypoxia PET scans before and after radiotherapy [40, 41],
and this interesting approach has not achieved clinical relevance in brain tumor
diagnosis or treatment planning yet.

Another promising target for brain tumor imaging is the mitochondrial transloca-
tor protein (TSPO) [42]. Accumulation of TSPO ligands might extend beyond the
tumor margins on amino acid PET and indicate an infiltration zone with activated
microglia as a marker of further tumor spread [43]. Further research to demonstrate
the suitability of this approach for radiotherapy planning is warranted.

2.2.2 Meningioma

Meningioma constitutes the most common primary brain tumor, with about 80%
being classified as WHO grade I, whereas WHO grade II and III meningioma are
less common [44]. If indicated, microsurgical resection is generally the therapy of
choice. Radiotherapy, including radiosurgery, which is predominantly used in the
recurrent situation, may be preferred in small WHO grade I meningioma or in loca-
tions not eligible for complete neurosurgical resection. Standard MRI is the imaging
method of choice and usually shows a homogeneous contrast enhancement and a
characteristic attachment to the dura mater [45].

On the molecular level, meningioma may express specific somatostatin receptors
(SSTR) [46]. SSTR expression can be non-invasively visualized using radiolabeled
SSTR ligands, usually compounds containing SSTR agonists, such as tyrosine3-
octreotate (TATE) or the octapeptide octreotide (TOC) and a chelator, e.g., tetrax-
etane (DOTA), coupled to the short-lived radionuclide gallium ([®®Ga]). Since their
development in the 1990s, SSTR agonists have been increasingly used in meningi-
oma imaging. The main indication for SSTR-PET is identifying meningioma tissue,
including the delineation of meningioma extent, especially in complex anatomical
regions, such as the skull base or the orbital region, and with a special focus on the
diagnosis of intraosseous infiltration [47].

Exact tumor delineation in complex anatomical regions, such as the skull base, is
not only crucial for surgical considerations but also of crucial importance for radio-
therapy planning, as the MRI-based morphologic GTV delineation may be
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Fig.2.2 Improved meningioma delineation using somatostatin receptor-directed (SSTR) positron
emission tomography/computed tomography (PET/CT). Beyond physiological tracer uptake of the
pituitary gland, SSTR-PET/CT facilitates tumor contouring in radiotherapy planning. Adapted
from [48]

insufficient to truly address the entire tumor volume. Particularly for the detection
of intra-osseous meningioma infiltration or for the tumor delineation at the skull
base, PET using SSTR ligands has been shown to strongly complement anatomical
information from MRI and CT [47-49]. Inclusion of PET imaging for stereotactic
radiation treatment planning was not only able to identify infiltrated tissue and pro-
vide information beyond bone windowing on CT and contrast enhancement on
MRI, but also has led to a preservation of critical areas, such as the pituitary gland
and the optic chiasm [50, 51].

Subsequent studies confirmed that an improved target volume delineation for
fractionated radiation therapy in patients with benign, atypical, and even anaplastic
meningiomas (WHO grades I-III) can be obtained by DOTATOC PET (Fig. 2.2)
[47, 48, 50].

Following treatment, SSTR-directed PET is reliably able to differentiate between
scar tissue and vital remnants or tumor recurrence [52].

2.3 Head and Neck Squamous Cell Carcinomas (HNSCC)

In recent years, significant improvements in radio(chemo)therapy of head and neck
squamous cell carcinomas (HNSCC) have been achieved. In part, this is due to
improved imaging for accurate tumor staging and radiation treatment planning.
Apart from ['"*F]JFDG-PET, eluded to in Chap. 1, PET tracers targeting the distinct
tumor microenvironment have been studied in prospective imaging trials regarding
their potential predictive and/or prognostic potential. These tracers include those
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depicting tumor cell hypoxia, tumor cell proliferation, and other distinct tumor
characteristics.

Acute and chronic hypoxia originating from acute occlusion of blood vessels and
from insufficient diffusion of oxygen from the vessel to the tumor cell, respectively,
are known tumor characteristics adversely affecting outcome after surgery, chemo-
therapy, and also after radiotherapy [53]. These conclusions have been drawn from
studies including invasive measurement of the oxygenation status, e.g., using an
Eppendorft electrode, or from immunohistochemical staining of tumor biopsies
taken from HNSCC accessible for this invasive procedure [54-58]. However, both
this invasive nature of the assessment as well as the geometrical limitations of
immunohistochemical staining of tumor sections hampered the repeat use of this
procedure. PET imaging is capable of depicting tumor characteristics of the entire
tumor and owing to its non-invasive nature it can also be performed at several time-
points prior to and during treatment. Finally, a review on hypoxia imaging sup-
ported the correlation with treatment outcome [59].

The PET-tracers most widely used to image tumor cell hypoxia in HNSCC are
[F]FMISO, ["!F]FAZA, ['*F]fluoro flortanidazole (['*F]HX4), ['®F]fluorerythroni-
troimidazole (['*F]JFETNIM), and diacetylbis(4-methylthiosemicarbazonato)coppe-
Il ([®Cu]Cu-ATSM), of which the first has been most widely studied. The
underlying idea was and is that those tracers can be incorporated in defining the
biological target volume, ideally in the primary tumor and lymph nodes, and to
identify changes over time indicative of tumor changes requiring adaptation of the
treatment plan or even the form of treatment.

For ["SF]JFMISO, the entire chain from pre-clinical imaging of xenograft tumors
to inclusion in clinical studies and modeling efforts had been followed by a few
dedicated research sites. In Nijmegen, ['"*FJFMISO imaging of xenograft HNSCC
tumor models was correlated with levels of hypoxia identified by immunohisto-
chemical staining of the nitroimidazole pimonidazol on tumor sections. Overall, the
crude level of hypoxia correlated between micro- and macroscopic imaging, how-
ever, not on an individual xenograft tumor basis [60]. Also the signal of autoradiog-
raphy was found to correlate with levels of hypoxia under ambient conditions, after
carbogen breathing, and tumor clamping, again in three different xenograft tumor
lines [61].

In a modeling study on HNSCC and non-small cell lung cancer (NSCLC),
Eschmann et al. [62] were the first to assess the prognostic value of ['"*F]IFMISO
imaging prior to radiochemotherapy on both dynamic and static scans. A tracer
kinetic characterized by accumulation as well as high SUV 4 h after injection were
correlated with poor response to treatment. Refined kinetic models as well as a cor-
relation of [FJFMISO with ["®F]JFDG were subsequently performed by the same
group [63-65].

Since then, several prospective clinical trials have assessed the value of (repeat)
[*F]FMISO-PET-imaging for patient stratification. The largest study to date was
initiated in 2005, performing ["*F]JFMISO-PET not only prior to treatment, but also
at several time-points during treatment, i.e., weeks 1, 2, and 5, as well as ["*F]FDG-
PET scanning prior to, after completion and during follow-up visits. The study
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consisted of a planned exploratory and validation cohort, each including 25 patients
with advanced-stage HNSCC of varying origin. In both parts of the study, the
hypoxia status, determined on the ["*F]JFMISO-PET of the second week of treat-
ment was found to be highly predictive for locoregional control [66, 67] (Fig. 2.3).
Recently, a prospective clinical phase II study in oropharyngeal cancer patients only
suggests that the radiation dose may be deescalated from the conventional dose of
70 to 30 Gy in tumors exhibiting no hypoxia on ['SF]JFMISO-PET prior to or with a
re-oxygenating tumor during radiation treatment [68].

Thorwarth et al. [69] were the first to incorporate ['*F]JFMISO and ["®*F]FDG
information into a treatment planning study in 13 HNSCC. They found dose paint-
ing my numbers to deliver the radiation dose more effectively than an additional
uniform boost to [8F]FDG-positive areas. Based on the findings of the ['"*FIFMISO
studies, both test and validation, performed in Dresden, Zschaeck et al. [70] came to
the conclusion that dose painting by numbers on ['*F]JFMISO-positive tumor sub-
volumes prior to treatment is insufficient to represent the ever-changing distribution
of ['SF]FMISO, which became apparent by repeat ['*F]JFMISO imaging throughout
the course of treatment. The intra-tumoral stability of [*F]JFMISO update was
insufficient for such an approach, and moreover, the site of local failure was in many
patients not within the ['"SFJFMISO-positive areas. Thus, the authors supported the
idea of utilizing ['"SFJFMISO as surrogate of tumor hypoxia per se and to rather
increase the radiation dose to the entire tumor, an approach, which is included in the
INDIRA-MISO (in preparation). This study design is also pursued in the phase III

FDG-PET/CT FMISO-PET FMISO-PET FDG-PET/CT

baseline baseline week 2 during follow up

L

A: Reoxygenation
Local control

Local recurrence

B: Persisting hypoxia

Fig. 2.3 FDG-PET/CT at baseline and FMISO-PET at baseline and after week two of treatment
for two patients with tumors of similar size and location at the base of the tongue. While patient A
showed substantial reoxygenation after 2 weeks of treatment and was locally controlled despite
worse initial tumor stage (cT4 cN1), patient B (cT3 ¢cNO) showed persisting hypoxia and an early
local recurrence developed. Reprinted with permission from [66]
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randomized ESCALOX trial, supported by the German Research Council (DFG),
which tests the hypothesis whether radiation dose escalation to the GTV improves
2-year locoregional control and overall survival after concurrent radiochemotherapy
in HNSCC patients [71]. Radiation will be delivered to a total dose of 80.5 Gy using
a simultaneous integrated boost and cisplatin is administered either weekly or three-
weekly. In the translational part of this study, 100 patients will undergo ['*F]JFMISO-
PET twice in the week before treatment start in order to assess the presence of and
possible changes in tumor hypoxia.

The metabolic target volume (MTV) and hypoxic volume (HV) were assessed
based on [FJFDG-PET and ["®F]JFMISO-PET imaging in 20 primary HNSCC
tumors and 19 metastatic lymph nodes [72]. When considering the intra-tumor
MTV of the ["®*F]FDG-PET and ["*F]FMISO-PET, only 26% of the primary tumors
and 15% of the lymph nodes were found to strongly correlate. For the HV, only
19% of the primary tumors and 12% of the lymph nodes were strongly correlated.
On a quantitative level, correlations between both tracers were present for the pri-
mary tumors, but not for the lymph node metastases. Since high levels of both
[®F]FDG-PET and ['|F]JFMISO-PET can be found in selected tumors only,
['®FIFDG-PET is no surrogate to identify or predict intra-tumor hypoxia, the
authors concluded.

In the context of the EORTC 1219 clinical trial, the value of ['*F]FAZA-PET is
being assessed in patients treated with radiochemotherapy and randomized to also
receive the hypoxia-modifying agent nimorazole, to evaluate ['*FJFAZA-PET/CT
as a prognostic factor of the loco-regional control rate at 2 years in HNSCC patients
receiving radiochemotherapy * nimorazole. Following their initial study on
['F]JFAZA-PET, Imaizumi et al. [73] published a comparative analysis on
['F]JFAZA-PET and diffusion-weighted magnetic resonance imaging (DWI-MRI).
In 11 patients investigated, the authors reported on a significant positive correlation
between ["*F]FAZA-PET and the slow compartment of a two/compartment model
for DWI, whereas diffusional kurtosis had a significant negative correlation.

As part of the TROG 02.02 phase III clinical study, 41 HNSCC patients were
imaged using ['*F]FDG-PET and [®F]FAZA-PET, both of which were assessed
qualitatively and quantitatively [74]. Using multivariate analysis, the hypoxic vol-
ume derived from [®F]JFAZA-PET was found to significantly correlate with the
T-stage, not with HPV-status or other adverse characteristics. Moreover, hypoxic
tumors treated with cisplatin had a significantly worse treatment outcome relative to
oxic tumors as defined by [®F]JFAZA-PET or hypoxic tumors treated with
tirapazamine.

Interestingly, a multicenter individual patient database meta-analysis of 163
hypoxia PET-scans (["*F][FMISO, N = 102; [¥F]FAZA, N = 51) correlated PET
readings with locoregional control and overall survival [75]. Even though the base-
line characteristics significantly differed between the cohorts, the commonly used
hypoxic parameters, i.e., maximum tumor-to-background radio (TMR,,) and
hypoxic volume with a 1.6 threshold (HV1.6) strongly correlated with locoregional
control and overall survival. It was thus concluded that both tracers appeared robust
and seemed equivalent in multicenter trials.
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['8F]JHX4-PET has been studied to a lesser extent in HNSCC patients. First, the
reproducibility and spatial stability of the marker was assessed in HNSCC [76].
Subsequently, in 2016, Zegers et al. [77] assessed changes of the tracer as well as of
blood biomarkers in 20 HNSCC patients. Within the GTYV, the hypoxic fraction and
hypoxic volume were found to significantly decrease in 69% of the analyzed GTVs
(N =32). Conversely, the levels of the blood biomarkers, i.e., carbonic anhydrase IX
(CAIX), osteopontin and vascular endothelial growth factor (VEGF), did not change
or increased (osteopontin). A recent publication by the same group, first author
Sanduleanu et al. [78], summarized results on the prognostic value of repeat
['*F]HX4-PET in 34 HNSCC patients included in two prospective clinical trials.
Patients were scanned prior to radio(chemo)therapy (N = 33) as well as during treat-
ment (N = 28). Noteworthy, the interval between the start of treatment and the per-
treatment scan varied from 3 to 17 days with a median of 13 days. Based on
['8F]JHX4-PET, the hypoxic fraction and hypoxic volume were analyzed and corre-
lated with treatment outcome. The static ['*F]JHX4-PET images were not of prog-
nostic value, whereas the dynamic changes revealed a significantly shorter local
progression-free survival and overall survival (OS) in patients with an increase in
the hypoxic volume and also a shorter OS in patients with residual hypoxia on the
per-treatment scan. Thus, these findings are in line with reports on [*FJFMISO
findings.

For completion, also the two hypoxia-related PET-tracers ['*F]JFETNIM and
[©2Cu]Cu-ATSM should also be eluded to here, even though it has only been studied
in a limited number of publications [79-83]. In the early 2000s, Lehtit et al. [81, 82]
performed initial assessments of [®F]JFETNIM-PET and established analytical
methods. In 2019, 32 patients with locoregionally advanced HNSCC undergoing
concurrent radiochemotherapy underwent [*FJFETNIM-PET imaging prior to and
per-treatment after 5 weeks of treatment [83]. On multivariate analysis, maximum
SUV (SUV,,,,) of the primary tumor prior to treatment was correlated with worse
local control, whereas a high mid-treatment SUV . was associated with worse
distant-metastasis free survival and overall survival. On multivariate analysis, tumor
grade and mid-SUV ., were significant predictors of worse overall survival.

Besides hypoxia imaging, ['*F]FLT-PET as imaging biomarker of tumor cell pro-
liferation in HNSCC was of interest in the early 2010s. Troost et al. [84, 85] showed
in two comparative analyses between immunohistochemical staining of tumor and
lymph node resection specimen on the one hand, and ['®F]FLT-PET on the other
hand, that Ki-67 and 1dUrd staining correlated well with ['*F]FLT-PET in 17 pri-
mary tumors, but that ['"*F]FLT-PET was not capable of distinguishing metastatic
from reactive lymph nodes in 10 HNSCC patients. Subsequent studies by the same
group proved that [ *F]FLT-PET holds high prognostic value regarding locoregional
control [85-87]. However, since the synthesis of the tracer is complicated, it has not
yet found its way into routine clinical practice, neither for oropharyngeal tumors,
esophageal carcinoma, nor for NSCLC [88, 89].

The fibroblast activation protein (FAP), which is highly expressed on the fibro-
blasts of tumor stroma, is a relatively new biological target, which can be addressed
with suitable FAP inhibitors (FAPI) that can be labeled with several radionuclides
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such as [®*Ga] and ['®F]. Syed et al. [90] have shown a high tumor-to-background-
ratio of the FAP-ligand along with significant alteration of TV-delineation in
HNSCC patients. The value of PET using ['®F]FAPI is being evaluated for a variety
of tumors in the context of a prospective register (NCT04571086). The value of this
novel radiotracer PET for radiotherapy planning is to be assessed in prospective
clinical studies with relevant oncological endpoints.

24 Non-small Cell Lung Cancer

[*F]FDG-PET/CT has been recognized as the key imaging method for staging of
(non-)small cell lung cancer [(N)SCLC], for radiation treatment planning, for
response monitoring during radio(chemo)therapy, and for detection of recurrent dis-
ease [91-94], see Chap. 1.

Similar to HNSCC, other PET tracers apart from ["¥F]FDG, which reflect tumor
characteristics, such as hypoxia, proliferation, or immune status, have been investi-
gated in (N)SCLC. This stems from the fact that glycolysis, depicted by ["*F]FDG,
is not concordant to other parameters, e.g., hypoxia [95]. In this paragraph, there-
fore, the PET-tracers used in NSCLC will be briefly mentioned.

In terms of hypoxia, the same tracers reported for HNSCC have also been used
in NSCLGC, i.e., ['®|F]FMISO, ['®F]FAZA, or ['*F]HX4. In a multicenter, phase II
clinical trial, ["*F]JFMISO-PET was used to determine the hypoxia status in NSCLC
patients [96, 97]. In this study, ['*F]FMISO-positive patients received a boost of
70-84 Gy, depending on the dose to surrounding organs at risk, while the other
patients received the standard dose of 66 Gy. The overall and progression-free sur-
vival rates of the 54 patients included were 48.5 and 28.8%, respectively, at 3 years
after treatment. The median overall survival in ['*F]JFMISO-positive patients was
25.8 months, whereas it was not reached in the ['FJFMISO-negative patients.
Owing to the small number of patients, no dose-effect relationship could be estab-
lished in the ["*F]FMISO-positive patient subset. So, also this phase II study under-
lines the fact that ["*F]FMISO-uptake is strongly associated with poor prognosis
in NSCLC.

In arecent publication, hypoxia represented by both [*F]JFMISO- and ['*F]FAZA-
PET was compared to immunohistochemical analyses (GLUT-1, CAIX, LDH-5,
and HIF-1alpha) in 18 NSCLC patients undergoing primary tumor resection [98].
The SUV,,,, of [®|)F]FMISO was found to be higher than that of ['*F]FAZA, but to
correlate well. Noteworthy, the results of PET-imaging were not correlated with
immunohistochemical results, regardless of the staining.

For ['F]HX4, the group from MAASTRO clinic performed subsequent studies
on the performance of the tracer, quantified the hypoxic status in NSCLC patients
prior to and during radio(chemo)therapy, and employed it in radiation treatment
planning studies [76, 99-101]. In 2013, Zegers et al. [101] defined the optimal
time-point of imaging ['SF]HX4 statically, as being 4 h post injection. Subsequently,
the authors [100] compared [¥F]HX4 with ["®F]FDG-PET imaging in NSCLC
patients prior to radio(chemo)therapy. They found hypoxic tumor volumes to be
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smaller than metabolically active volumes, with half of the tumors exhibiting a
good overlap between the two PET-tracers. In the other patients, there was a (par-
tial) mismatch. In a radiation treatment planning study, Even et al. [99] created
radiation treatment plans for 10 NSCLC patients. Dose escalation based on meta-
bolic subvolumes, hypoxic subvolumes, or on the entire tumor volume was found
to be feasible, with doses ranging as high as 107 + 20 Gy for metabolic subvolumes
and 117 £ 15 Gy for hypoxic subvolumes. Since the PET-Boost trial, referred to in
Chap. 1, escalating the radiation dose on F]JFDG-PET subvolumes was still
recruiting patients and the tracer ['*F]JHX4 is not amply available, no dose escala-
tion trial has been initiated.

Finally, ['*F]FLT-PET representing tumor cell proliferation has only been tested
in a few studies. It has been used to monitor treatment response during radiochemo-
therapy as well as during targeted therapy [102—104].

2.5 Prostate Cancer

Molecular imaging is widely used for detecting, staging, and restaging of prostate
cancer patients. While previously mainly FDG and cellular membrane lipogenesis
markers such as ["®F]- and [!'C]-Choline-PET contributed to the patient manage-
ment of prostate cancer patients this has nowadays almost completely shifted to
radiolabelled PSMA inhibitors. In contrast to the historically used metabolic PET
tracers, PSMA-PET visualizes the expression of the glutamate carboxypeptidase
PSMA (prostate-specific membrane antigen) representing a trans-membrane pro-
tein, which is highly expressed in the majority of prostate cancers [105]. Due to its
excellent performance PSMA-PET is currently implemented in the major clinical
guidelines for detection of biochemical recurrence, primary staging of high-risk
disease, in case of PSA persistence after primary treatment as well as for selecting
patients for PSMA radioligand therapy [106].

Another important aspect is the availability and accessibility of novel PET trac-
ers. Currently, FDA approvals for both [%Ga]Ga-PSMA and ['*F]F-DCFPyL are in
place, whereas in Europe so far only ['SF]F-PSMA 1007 has a local market authori-
zation in France. However, within the next months EMA approvals for both
[*#Ga]Ga-PSMA, ['*F]F-PSMA 1007 and potentially ['*F]F-DCFPyL are expected.
To help navigate among the ever-increasing number of PSMA PET tracers, it is
important to state that the clinically best developed PSMA PET tracers diagnostic is
overall probably very similar justifying the overarching term of a “class of PSMA
PET tracers”. Major discriminators are routes of production and batch sizes (and
accordingly cost of goods) and pathways of excretion (predominantly renal vs. pre-
dominantly hepatic-biliary). Hepatic-biliary dominant excreted PSMA PET tracers
such as ['®F]F-PSMA 1007 seem to have a certain advantage for local staging in the
prostate and prostate bed due to the lower activity in the surrounding urinary blad-
der; however, a higher rate of so-called unspecific bone uptake might negatively
affect the overall performance [107]. In summary, the novel class of PSMA PET
tracers plays an important role for the management of prostate cancer patients. In
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the following part, the impact of the “class of PSMA PET tracers” on radiation
therapy planning will be discussed in more detail.

2,5.1 PETinPrimary Staging

In the primary setting, PSMA-PET/CT imaging can be applied for initial staging in
patients with high-risk prostate cancer [108]. The recently published prospective
randomized phase III study proPSMA showed that PSMA-PET/CT favorably
impacts patient management since the accuracy for lymph node and bone metasta-
ses is higher as compared to conventional imaging changing subsequently also the
radiation treatment plan [109]. Moreover, PSMA-PET/CT significantly reduced the
number of equivocal findings at an overall lower radiation dose compared to con-
ventional imaging. Several additional retrospective analyses have also addressed
this issue. Dewes et al. [110] reported on a change in TNM stage in 8 of 15 patients
or modifications of clinical target volumes (CTVs) and changes in prescribed radia-
tion dose in 5 and 12 patients, respectively. In another retrospective analysis,
PSMA-PET/CT led to major changes in the radiotherapy plan in approximately
one-third of the patients, especially when no elective radiation to the pelvic lym-
phatic drainage system was initially planned [111].

Recently, an academically driven prospective phase III trial randomizing patients
with unfavorable, intermediate, and high-risk profiles to groups with or without
PSMA-PET prior to definitive radiotherapy planning (NCT04457245) has been ini-
tiated. The primary endpoint of this study is the progression-free survival after ini-
tiation of definite radiotherapy aiming for improvement in oncological outcome for
the PSMA PET arm.

Interestingly, a clear dose-response relationship was shown for prostate cancer
patients. The prospective multicenter phase III study “FLAME” reported that dose
escalation to intraprostatic MRI-derived tumor lesions resulted in a significant
improvement in recurrence-free survival [112]. However, it can be assumed from
previous publications that the contouring of the intraprostatic tumor mass deter-
mined taking account the potential additional information of PSMA-PET might
lead to a further improvement [113—116]. Recently, Zamboglou et al. [117] reported
in 10 patients on the feasibility to escalate the tumor dose to 95 Gy while contouring
the intraprostatic tumor lesions based on [%Ga]Ga-PSMA PET. Based on this very
promising data, a prospective multicenter phase II study is currently investigating
focal dose escalation to intraprostatic tumor volumes derived by PSMA-PET/CT
and MRI (HypoFocal; DRKS00017570).

2.,5.2 Salvage Radiotherapy in Recurrent Prostate Cancer
In patients with biochemical recurrence (BCR) salvage radiotherapy (SRT) repre-

sents the most important therapeutic option. Since the introduction of PSMA and its
implementation into all major clinical guidelines, BCR patients are offered—if
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Fig. 2.4 Prostate cancer patient having undergone primary radical prostatectomy (pT2c pNO LO
RO; Gleason 3 + 4). ['*F]-PSMA 1007 PET/CT performed in setting of biochemical recurrence
(PSA 1.05 ng/ml) shows a local recurrence in the prostate bed guiding salvage radiation treatment
planning (miTNM score: mi Tr NO MO)

available and reimbursed—a PSMA-PET/CT scan. Despite its high effectiveness at
low PSA levels, the current German S3 guideline clearly states to take into account
the information provided by PSMA PET/CT for SRT planning, but not to delay SRT
in case of a negative PSMA scan.

Including PSMA-PET/CT into the workup of patients with BCR led to signifi-
cant impact on patient management decisions, such as by identifying patients with
recurrence confined to the prostate or pelvic nodes [118, 119]. Even at low PSMA
values of less than 0.5 ng/ml, PSMA-PET/CT detects lymph node metastases in
approximately 20% of patients [120]. Accordingly, PSMA-PET/CT led in almost
half of the patients with low PSA values to patient management changes as shown
in a recently published scoping review including 45 studies in the BCR setting
[120]. Important relevance is attributed to the detection of distant metastases, mostly
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to the bone, which was even found in patients with low PSA levels (10% if PSA
<0.5 ng/ml) relevantly impacting therapy choice. This gains even relevance in case
of oligometastatic disease as here the success and failure highly depends on the
accurate delineation of recurrent disease [121]. PSMA PET also affected the radia-
tion target volume leading to a field extension due to inclusion of PSMA-positive
suspicious lymph nodes or in case of atypically localized recurrences at the border
of the standard target volume [122-124].

Stimulated by the overall promising date radiation therapy, experts currently also
discuss the possibility of PSMA-PET-guided SRT with a dose-escalated simultane-
ous integrated boost directed to the PSMA-positive local recurrence hoping for a
positive impact on the clinical outcome and improved PSA response rates (Fig. 2.4).
However, the ultimate clinical value of PSMA-PET-guided SRT and therefore pro-
longation of progression survival or even overall survival is not yet known. Multiple
prospective randomized studies are currently intending to address this question
(Clinicaltrials.gov NCT01666808, NCT03762759, NCT03525288) including a
phase III study (NCT03582774) in the setting of biochemical failure following radi-
cal prostatectomy comparing the current standard of care (salvage RT to prostatic
fossa) with PSMA-PET/CT-guided SRT.

2.6 Future Prospects

In recent years, a novel group of promising tracers targeting the fibroblast activation
protein (FAP) on the so-called cancer-associated fibroblasts (CAFs), such as
[®®Ga]Ga-FAPI, has been developed [125]. Due to its high tumor to background
contrast in many malignancies, which often is superior to that for ['**F]FDG, there is
also rising interest in the use of FAP-specific PET for radiation treatment planning
[126, 127]. Promising first preliminary results in HNSCC with [*®Ga]Ga-FAPI and
PET suggest it might help in accurately assessing the extent of tumor spread prior
to treatment start to reduce the area exposed to radiation and thereby reduce toxici-
ties [127]. An optimized radiation therapy planning and reduction of the treatment
field is also reported in lung cancer where differentiating tumor from normal tissue
is often difficult with ['®F]FDG in particular when the lung is affected by inflamma-
tory conditions or chronic obstructive pulmonary disease [128]. However, large pro-
spective trials are necessary to define the future role of FAPI-PET for radiation
therapy planning [129].

There has also been significant progress in imaging with radiolabelled antibodies
and antibody fragments. Labeling of these proteins with ¥Zr via the chelator DFO
is a routine process, which only rarely affects their ligand-binding properties.
Clinical studies have shown that radiolabelled antibodies allow for imaging of a
variety of important targets including, for example, human epidermal growth factor
receptor 2 (HER?2), carbohydrate antigen 19-9 (CA19-9), and programmed death
ligand 1 (PD-L1) [130-132]. Using these antibodies PET imaging may therefore
reveal biological changes during radiotherapy, e.g., the up- or down-regulation of
PD-L1. Broader clinical use of radiolabelled antibodies is currently limited by the
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significantly higher radiation dose from the long-lived isotope [¥Zr]. However,
PET/CT systems with several fold higher sensitivity than existing scanners are cur-
rently entering the clinic. These systems allow imaging with radiolabelled antibod-
ies at radiation doses similar to FDG-PET/CT [133].
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Use of Anatomical and Functional MRI
in Radiation Treatment Planning
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3.1 Introduction

The application of magnetic resonance imaging (MRI) in radiotherapy (RT) is being
widely used in contemporary planning techniques, owing to its superior soft con-
trast tissue resolution compared to computed tomography (CT) [1], especially in
anatomical sites such as brain, head and neck, abdomen and pelvis [2—4]. With the
introduction of modern radiotherapy techniques, such as intensity-modulated radia-
tion therapy (IMRT) and stereotactic body radiation therapy (SBRT), in which steep
dose gradients are delivered to small target volumes, the accurate definition and
precise delineation of the target volumes and of the organs at risk (OARs) has
become crucial [5]. To this end, the use of MRI in treatment planning was proposed
as early as 1987 [6], since MRI is a multiparametric imaging modality that can pro-
vide both anatomical and functional information. For its characteristics, MRI can be
very useful not only in the treatment planning phase but also in evaluating the
response to radiotherapy [5].

The use of MRI sequences for RT planning purposes has been boosted in the last
years thanks to the development of always more reliable image fusion algorithms
(e.g. rigid, affine, piecewise affine and elastic), and to the ability to co-register the
MRI dataset with the planning CT, which contains the electron density information
necessary for dose calculation [7]. In the following years, several authors have
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shown that the use of MRI in radiotherapy is advantageous also for segmentation
quality, as it reduces the inter- and intra-observer contouring variations [8]. In addi-
tion, MRI has the potential to increase the quality of the radiation treatments, allow-
ing for an MRI-assisted dose escalation [9-11].

This chapter is separated into the different disease sites, which are of potential
interest to an MR-based RT workflow and radiation delivery.

3.2  Brain
3.2.1 High-Grade Gliomas

MRI represents the gold standard diagnostic technique for the diagnosis and RT
planning of primary brain tumours and metastases [12]. The current clinical use and
possible new fields of application of MRI in the most frequent brain tumours in
adults are discussed below.

3.2.1.1 What Is the MR’s Standard Acquisition Protocol
for RT Planning?

Glioblastoma multiforme (GBM), a high-grade, WHO grade IV, primary brain
tumour, is characterized by its infiltrative nature and its tendency to recur locally:
precise target delineation results enhance treatment quality, reducing RT-induced
toxicity and improving quality of life. Any effort should therefore be made to iden-
tify the optimal imaging approach in order to ensure an effective and safe delivery.
The standard diagnostic examination for GBM should include multiple sequences
(in 3D acquisition): T2-weighted images (T2w), T2 Fluid-attenuated inversion
recovery (FLAIR), native T1-weighted images (T1w) and contrast-enhanced T1w
(CI-T1w) images using gadolinium.

Diffusion-weighted imaging (DWI) sequences, offering an insight into the diffu-
sion of water molecules in tissues, should also be provided with the apparent diffu-
sion coefficient (ADC) map calculation [13]. ADC values have been shown to
decrease in highly cellular tumours (e.g. CNS lymphoma, medulloblastoma, high-
grade glioma) and have been reported to correlate with prognosis [14—16]. High-
resolution 3D T2w gradient echo sequences, such as susceptibility-weighted
imaging (SWI), which prove to be very sensible to blood products and calcifica-
tions, are also routinely performed [17, 18].

3.2.1.2 Which Are the MRI Studies Currently Available?

Diffusion tensor imaging (DTI) sequences provide additional insights beyond DWI
into the microstructure and integrity of the white matter. DTI is mostly used in the
context of DTI-tractography, through the three-dimensional visualization of white
matter fibres for navigation purposes [19]. The main methods for perfusion imaging
include T2w dynamic susceptibility contrast-enhanced (DSC) perfusion and T1w
dynamic contrast-enhanced (DCE) perfusion. Perfusion cerebral blood volume
(CBV) and relative cerebral blood volume (rCBV), a parameter able to describe
tumoural neoangiogenesis, can be extracted from the DSC images and Ktrans, a
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microvascular permeability parameter, from the DCE images [20, 21]. MR spec-
troscopy provides insights into the metabolic profile of analysed tissues. The
obtained graph is a function of the presence and quantitative distribution of the
metabolites of interest. It can be very useful in monitoring the response to chemo-
therapy and radiotherapy and the differentiation between tumour recurrence and
radionecrosis, especially in the frame of reirradiation [22]. Functional MRI (fMRI)
uses relative changes in the blood oxygen level-dependent (BOLD) signal to infer
brain activity. In particular, task-based fMRI can be used for preoperative planning
purposes [23]. The use of diffusion-weighted images (DWI) and MRI perfusion for
contouring is being considered in contemporary clinical practice, but further studies
are awaited to validate its use [24].

3.2.1.3 How Can MRI Be Used in Treatment Planning Workflow

in High-Grade Glioma Radiotherapy?
The ESTRO-ACROP guidelines of “target delineation of glioblastomas™ [25] pro-
vide recommendations for the radiotherapy workflow management and foresee the
co-registration of the contrast-enhanced MRI with the planning CT to guide target
delineation.

3.2.1.4 Which MRI Sequences Can Be Used?

Contrast-enhanced thin-slice (3 mm or less) T1w and FLAIR sequences should be
co-registered with the planning CT (Fig. 3.1a,b). The use of 1-mm isotropic
MPRAGE images could help in organs at risk (OARs) contouring, especially for

Fig. 3.1 Surgical cavity resulting from right fronto-parietal craniotomy for the removal of an
expansive-infiltrative glioblastoma lesion. Brain parenchyma along the cranial margins of the sur-
gical cavity shows contrast enhancement (a: contrast-enhanced T1w scan, left) and appears hyper-
intense in FLAIR images. This finding can be referred either to edemigenous phenomena or to
probable infiltrative component of disease (b: FLAIR scan, right)
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small anatomical structures (hippocampus, optical pathway). The use of advanced
functional techniques, such as DWI, DTI, and other diagnostic techniques, such as
PET-CT, remains investigational, as this is still not supported by robust scientific
studies.

3.2.1.5 What Are the Recommendations for Contouring?

Referring to the ESTRO-ACROP guidelines mentioned above, the tumour bed vol-
ume (TBV) in the postoperative setting should encompass surgical cavity plus any
evidence of contrast-enhancing residual tumour on contrast-enhanced T1w [25].
Comparing the postoperative MRI with the preoperative one and especially using
DWI images is always suggested, in order to better identify any residual disease. All
areas with contrast-enhancement must be included in the target volume, while pos-
sible areas of hyperintensity in T2w/FLAIR should not. The clinical target volume
(CTV), which includes the microscopic tumour extension, is generally obtained
with an expansion of 20 mm from the TBV or gross tumour volume (GTV), taking
into account the surrounding anatomical barriers and avoiding overlaps with them
(i.e. bones).

If low-grade disease infiltration is suspected based on T2w- or FLAIR-images,
these should be included in the CTV. In case of secondary glioblastomas originated
from previously lower grade gliomas (WHO grades II or III), the areas without
contrast-enhancement may also represent disease components. In these cases, high-
signal T2w/FLAIR areas should also be included in GTV. The planning target vol-
ume (PTV) is generally obtained with a 3-5 mm expansion from the CTV.

3.2.1.6 Which Characteristics Should an MRI Have for Adjuvant
Radiotherapy Planning?

The execution of a post-surgical MRI, which is usually performed within 48 h after

the surgical procedure, is fundamental to quantify the possible residual tumour

extension, but its use for segmentation guidance could underestimate the real extent

of the disease. The ideal condition would be to use an MRI obtained around the time

of radiation treatment planning.

3.2.2 Low-Grade Gliomas

3.2.2.1 Can MRI Be Useful in Contouring of Low-Grade Gliomas?

Surgery generally represents the first choice of treatment for these diseases and
post-operative radiotherapy is indicated when negative prognostic factors are pres-
ent. Then, MRI also plays a key role in the management of radiation treatment plan-
ning [26, 27]. Low-grade gliomas generally do not show enhancement in T1w
(which represents a possible index of focal transformation in high-grade gliomas),
while they appear hyperintense in T2w/FLAIR sequences. The use of post-operative
MRI to be co-registered with the RT simulation CT scan is recommended in radio-
therapy planning of these malignancies.
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In case of low-grade gliomas, the GTV includes the surgical bed (TBV), the
macroscopically visible disease hyperintense on T2w of the post-operative MRI and
any areas with contrast enhancement on T1w-MRI.

The CTYV is obtained by adding a 10-15 mm expansion margin to the GTV, tak-
ing into account the anatomical barriers, as previously described [28]. The PTV is
generally obtained with a 3-5 mm expansion from the CTV.

3.2.3 Brain Metastases

3.2.3.1 Can MRI Be Useful in Radiotherapy Workflow
for Brain Metastases?

Brain metastases represent the most frequent malignant tumour of the central ner-
vous system. It is estimated that brain metastases can be developed in 20-40% of
cancer patients, regardless of primary disease site. The use of MRI in this setting is
to date well-known in clinical practice both for the diagnosis and radiation treat-
ment planning [29]. MRI has a higher sensitivity in detecting metastases as well as
identifying leptomeningeal spread compared to other techniques. In brain metasta-
ses, which are often small in size and volume, the acquisition of an MRI on thin-
slice planning is recommended [30].

3.2.3.2 How Can MRI Help in Defining GTV?

Brain metastases usually appear iso- or hypointense on T1w, hyperintense on T2w,
and exhibit avid enhancement. Some metastases are hyperintense on T1w, such as
those originating from melanoma, due to the presence of melanin and/or haemor-
rhagic areas. ADC values are high in peritumoural vasogenic oedema on T2w/
FLAIR, if compared to the aspect of the oedema surrounding infiltrative lesions,
such as it is the case in high-grade gliomas. The GTV can be identified with the
enhancement area on T1w. The CTV is generally considered equal to the GTV, and
PTYV is obtained by adding an expansion margin of 1-3 mm. This small margin can
be achieved by employing highly rigid immobilization devices as is common prac-
tice in stereotactic treatment or radiosurgery. With regard to this issue, the thin slice
spoiled gradient-recalled echo (SPGR) post-contrast MRI performed in a head
frame for gamma knife treatment planning has been demonstrated to be more sensi-
tive in identifying small lesions than standard T1w [31].

3.2.3.3 Is the Use of Co-Registration with MRI Also Recommended
in Whole-Brain Treatment?

The use of MRI in whole-brain treatments (WBRT) is recommended whenever pur-
suing a heterogeneous dose prescription, e.g. dose boosting protocols or specific
organs at risk avoidance. Hippocampal-sparing WBRT, with the aim of reducing
toxicity and cognitive impairment in patients undergoing WBRT, represents a good
example of this approach. In this setting MRI results particularly useful as it guides
hippocampal contouring on TIWwMRI axial sequences [32].
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3.2.4 Meningiomas

3.2.4.1 Does MRI Play a Role in the Contouring of Meningiomas?
Radiotherapy is indicated in case of partial resection, surgical contraindications, or
of atypical or malignant meningiomas. Meningiomas appear as extra-axial masses
with signal intensity similar to cortex on Tlw and T2w, avid and homogeneous
enhancement after administration of gadolinium and the classical “dural tail” sign,
reflecting infiltration and/or vascular congestion in the adjacent dura. The distin-
guishing characteristic of meningiomas, not typical of other neoplasms, is the ten-
dency not to respect dural boundary [33]. As for the definition of the target volume,
contrast-enhanced CT with a slice thickness of less than 3 mm and contrast-enhanced
T1w-MRI represent the recommended diagnostic scans.

3.2.4.2 What Are the Recommendations for Contouring?
For patients who did not undergo surgery, the GTV includes the entire tumour vol-
ume identified on CT and MRYI, its insertion into the dura up to the first 3 mm and
all bone abnormalities visible on the CT scan using the bone window. For operated
or relapsed patients, the CTV is defined by evaluating the tumour residual shown on
contrast-enhancement T1w, including microscopic areas of disease based on surgi-
cal and pathological reports. As for the adjuvant setting, therapy volumes reflect the
WHO classification score. In case of a WHO I meningioma, the GTV must include
only the residual disease, while for WHO grade II and III meningiomas, an expan-
sion to CTV is recommended, which can be up to 30 mm (especially in grade III).
For benign meningiomas, the CTV is equivalent to the GTV and does not include
areas of oedema [34, 35]. The inclusion of the “dural tail” in the target volume is
still a controversial topic and object of debate [33].

3.3 Head and Neck Cancer

Radiotherapy plays a key role in the management of head and neck cancers (HNC), and
with the introduction of highly conformed irradiation techniques (such as intensity-
modulated radiation therapy or volumetric modulated arc therapy) as standard of care,
a highly accurate and precise definition of treatment volumes is mandatory.

3.3.1 How Can MRI Be Integrated into Treatment Planning
for HNC?

To this end, MRI has significant advantages in soft tissue discrimination and does not
suffer from artefacts caused by bone or dental fillings or implants [36]. The co-
registration of the simulation CT-scan and the diagnostic MRI can be useful in treat-
ment planning, both in the primary and in the post-operative settings, in order to
provide more accurate definition of target volumes and organs at risk, which are
generally poorly visualized on CT imaging (i.e. optic nerves, chiasm, brainstem,
spinal cord, parotid glands and brachial plexus). Magnetic resonance imaging can
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also guide the segmentation of cervical lymph nodes. In metastatically affected
lymph nodes, their shape progressively changes from oval to round, and the MRI is
able to clearly show infiltration into the perinodal fat and desmoplastic reaction caus-
ing irregularities in the profile [37, 38]. A proper evaluation of image co-registration
protocols is recommended, including deformable co-registration, in order to take
into account possible anatomical changes relative to mandible or cervical spine posi-
tion [39]. Ideally, the MRI scan is acquired in the radiation treatment position.

3.3.2 What Sequences Does the Standard MRI Acquisition
Protocol Provide?

The MRI protocol for HNC includes contrast-enhanced T1w and T2w in at least
two different planes.

3.3.3 How Can MRI Be Used for Nasopharyngeal
Cancer Segmentation?

Compared to CT scans, MRI provides superior diagnostic performance of involve-
ment of the base of skull, in particular in the description of cortical bone involvement,
and of tumour invasion into soft tissue structures. A careful alignment of the skull-
base is therefore needed when co-registering the two image datasets (simulation CT
and diagnostic MRI) [40]. T2w fast spin-echo sequences proved to be useful in visual-
izing the involvement of the parapharyngeal space, paranasal sinuses, pterygopalatine
fossa and retropharyngeal nodes [41]. T1w imaging determines the involvement of
the clivus (sagittal plane) and the base of skull, with tumour marrow invasion typically
appearing hypointense in relation to surrounding normal marrow [42]. Contrast-
enhanced T1w allows the visualization of perineural invasion and intracranial involve-
ment, which is of particular interest in adenoid cystic carcinomas. Intracranial
extension can be recognized particularly on coronal planes on contrast-enhanced
Tlw-images acquired with fat suppression, thanks to the higher contrast resolution.
These sequences can be also useful in assessing cavernous sinus infiltration and nodu-
lar dural thickening and disease relations with the adjacent normal structures [43].

3.3.4 How Can MRI Be Used for Segmentation
of Oropharyngeal Cancer?

MRI improves delineation of the GTV and normal tissues in oropharyngeal tumours,
adding complementary information to the ones obtained from CT and 18FDG-PET
imaging. More specifically, T2w with fat saturation sequences give information
about the possible involvement of the retropharyngeal lymph nodes, as well as of
the parapharyngeal and pre-epiglottic space [41]. T1w sequences are used primarily
for the evaluation of parapharyngeal fat space for asymmetries and for bone marrow
involvement assessment [44, 45]. For the adequate contouring of the GTYV, it is
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essential to use information obtained by clinical examination, derived from contrast-
enhanced T1w, and to combine it with the functional information of 18FDG-PET,
whenever available. Contrast-enhanced T1w sequences also give information about
possible perineural invasion, and this may be reflected in larger GT Vs, as it has been
reported in the case of the base of the tongue tumours [46].

3.3.5 How MRI Be Used in Segmentation of Tumours
of the Oral Cavity?

MRI is useful in the delineation of both primary tumours and postoperative recur-
rences in the oral cavity. It may also be helpful in the evaluation of perineural spread
in this particularly challenging anatomical site. In the TIw MRI, the contrast
between the hypointensity of the tumour and the hyperintensity of the surrounding
fatty tissue and bone marrow is clearly visible. Reliability of the GTV segmentation
in T1w could be hampered by the isointensity of squamous cell carcinomas of the
tongue when compared to the surrounding muscles. In contrast-enhanced T1w,
tumour appears hyperintense, in contrast to the hypointense surrounding oedema. In
T2w-MRI, tumours appear slightly hyperintense to muscle [47, 48].

3.3.6 How Can MRI Be Used in Glottic Cancer Segmentation?

MRI is used as staging imaging in larynx cancer when there is suspicion of cartilage
invasion. The obtained information can be included in treatment planning for the
correct definition of GTYV, especially in case of extralaryngeal disease and cartilage
invasion [49]. Laryngeal cancer in glottic, subglottic, and supraglottic presentations
appears as a hypointense lesion in T1w, showing homogeneous enhancement in
post-contrast T1w and hyperintense in T2w (Fig. 3.2a,b) [50].

Fig. 3.2 Evidence of a solid heteroformative expansive and infiltrative lesion of the larynx with
trans-glottic development. Lesion’s core is located in the left true vocal cord, characterized by
altered and inhomogeneous signal hyperintensity in T2w sequences (a: T2w axial scan, left) and
marked enhancement after gadolinium administration (b: contrast-enhanced T1w sagittal scan, right)
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3.3.7 How Can MRI Be Used in Hypopharyngeal
Cancer Segmentation?

MRI may be of support in the segmentation of tumour borders, describing possible
cartilage or oesophageal invasion and assessing of perineural spread. Hypopharyngeal
cancers present with intermediate to low signal in T1w sequences and intermediate
to high signal in T2w; enhancement in T1w after contrast injection is generally
present. MRI can also be useful in lymph node contouring, thanks to its ability to
present rapid lymph node enhancement [51].

3.3.8 How Can MRI Be Used in Paranasal Sinus
Cancer Segmentation?

MRI is pivotal for the definition of the GTV, especially in the case of tumour exten-
sion towards the foramen and cranial nerves, skull base, brainstem and optic chi-
asm. Malignant tumours usually exhibit nonspecific hyperintensity on T2w and
hypo- to isointensity on T1w. When there is high cellularity or high mucin or carti-
lage content, marked hyperintensity in T2w can be observed. Otherwise, hypointen-
sity is shown, especially when calcifications or fibrosis are present. Squamous cell
carcinoma (SCC) is the most common histology of paranasal sinus cancer: typical
and non-specific findings of SCCs are isointensity on T1w, slight hyperintensity on
T2w and moderate enhancement on contrast-enhanced T1w [52]. Hyperintensity on
T1w could be indicative of the presence of met-haemoglobin, melanin, lipid, pro-
tein, and mineral elements. Contrast-enhanced MRI sequences are fundamental for
the definition of perineural diffusion and invasion of the dura. Nerve enhancement
secondary to thickening, widening of the neural foramen and loss of perineural fat
can suggest perineural spread of disease.

3.3.9 How Can MRI Be Used in Major Salivary Glands
Cancer Segmentation?

MRI is highly recommended to support the segmentation of salivary gland tumours.
Several authors have in fact pointed out the importance of T2w in determining
malignancy [53-55]. Parotid glands appear hyperintense in Tlw, with a signal
intensity intermediate between fat and muscle, while in T2w they show a signal
intensity close to fat. The submandibular glands present with an intensity similar to
the muscle one, both in TIw and T2w. Tlw gives a clear assessment of tumour
margins, tumour extent and infiltration pattern [56]. The fat-saturated contrast-
enhanced T1w gives information about the depth of invasions, neural spread, bone
invasion, or meningeal infiltration. Benign and malignant masses may have overlap-
ping characteristics, although benign masses show hyperintensity in T2w, whereas
masses with low-moderate signal are malignant.
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3.3.10 Can DWI Sequences Be Used in Segmentation in HNC?

DWI sequences are a very promising imaging tool, with the potential to improve
target volume delineation in HNC. Cardoso et al. [57] demonstrated that the GTVs
obtained using DWI and T2w as a support for delineation are larger than those
obtained using CT or 18FDG PET/CT in HNC patients. For the assessment of
lymph node metastases, DWI has shown a high negative predictive value with a
potential impact on organ sparing and tumour control, allowing the radiation oncol-
ogists to identify nodal volumes in a more reliable way. More supporting validation
studies and guidelines release are required to better described this issue.

3.3.11 How Can Functional MRI Imaging Be Used in HNC?

Functional imaging methods are very promising to guide dose painting approaches
in radiation treatment planning. Dynamic contrast-enhanced (DCE) sequences
allow for a non-invasive definition of hypoxic areas of the disease that could be the
target of treatment strategies to identify and successfully manage hypoxia-induced
radio-resistance niches [39, 58].

3.3.12 Are New MRI Imaging Methods Evolving to Support
Segmentation in HNC?

Hybrid PET/MRI-guided GTV delineation has been evaluated for SCC of the
tongue. It has been shown that this new image modality may represent an important
support in target volume delineation compared to traditional imaging, but further
studies are needed to validate its clinical use [59].

34 Liver

Radiotherapy and, more specifically, stereotactic body radiation therapy (SBRT), is
considered an effective and safe therapeutic approach in the treatment of hepatocel-
lular carcinoma (HCC) and of liver metastases [60, 61]. As such, SBRT is a valid
therapeutic alternative to surgery. Due to the poor performances of CT-based simu-
lation imaging, complementary MRI tools for correct target delineation and treat-
ment guidance are required to ensure precise treatment delivery [61-63].

3.4.1 Whatls the Role of MRl in the Radiotherapy Workflow
for Hepatic Lesions?

MRI is rapidly evolving into the method of choice for the detection of malignant
liver lesions, as CT is often inadequate for the correct target definition, especially
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when the use of fiducial markers is logistically difficult or clinically contraindi-
cated [64, 65]. MRI can be successfully incorporated into the radiation treatment
planning workflow to correctly identify both, the target and residual healthy liver
parenchyma.

Pech et al. [66] reported that MRI identifies substantially larger tumour volumes
compared to CT-based delineation. The authors recommended the use of MRI for
target definition, especially to ensure that the target volume does not only contain
the macroscopically visible lesions, but also the surrounding satellite inflammatory
reaction and microscopic tumour spread. In particular, the treatment volumes
obtained using T2w-MRI (i.e. tumour including the surrounding oedema) or by
contrast-enhanced T1w are larger compared to non-enhanced T1w. Both CT and
MRI should therefore be considered for a reliable target definition, as they provide
complementary information [65]. When necessary, fiducial markers can also be
implanted in proximity of the tumour to be irradiated using the MRI setting: plati-
num markers provide superior visualization on planning MRI and allow for a reli-
able image co-registration [67].

3.4.2 What Do Liver Metastases and HCC Lesions Look Like
in the Different MRI Sequences?

The imaging characteristics of liver metastases depend on the primary tumour and
the MRI study needs to be done in the different contrast-enhancing phases in
order to achieve a complete characterization of the lesion. Metastases originating
from adenocarcinomas are usually hypointense in Tlw-imaging, moderately
hyperintense in T2w and show restricted diffusion in DWI and low ADC values
(Fig. 3.3a,b) [68]. In dynamic studies, after the injection of contrast agents, they
show a hypovascularized central area and may present a hypervascularized periph-
eral rim [69].

Fig. 3.3 Hepatic metastasis from pancreatic adenocarcinoma between the V and VI segments.
The lesion measures 22 mm, appears moderately hyperintense in T2w sequences (a: T2w axial
scan, left) and shows abnormal restricted diffusion (b: DWI axial scan, right)
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Fig. 3.4 HCC nodule (13 mm) in anterior subcapsular site, between III and IV hepatic segments.
The lesion appears hypointense in T1w images (a: T1w axial scan, left) and mildly hyperintense in
T2w images (b: T2w axial scan, right)

Conversely, metastases originating from neuroendocrine tumours (NETs), thy-
roid cancer, melanoma and renal cancer more often show a hypervascularized aspect
[70-72]. Metastases originating from melanomas are generally hyperintense on
T1w, due to the presence of melanin and extracellular methaemoglobin.

HCC shows great variability in malignancy characteristics and tissue architec-
ture, both in the stromal component and in the content of substances such as fat,
glycogen or metal ions. For these reasons, the signal on T1w- and T2w-imaging can
be very variable and dynamic acquisition is mandatory to support a reliable imaging
diagnosis (Fig. 3.4a,b) [73].

Hypervascularized liver metastases originating from NETs, renal cell carcinoma,
melanoma and thyroid carcinoma generally show peak enhancement in images of
the hepatic arterial phase. Hypovascularized liver metastases appear hypointense
when compared to the enhancing normal liver parenchyma in the portal venous
phase. This behaviour is typical for metastases of colorectal (CRC), lung and breast
cancer, although occasionally breast cancer metastases may be hypervascularized.
CRC metastases typically show rim enhancement in the arterial phase while they
appear hypointense in the venous phase [74].

It has to be noted that papillary cystic ovarian tumours can generate cystic metas-
tases with no enhancement [68]. Hepatobiliary contrast agents (e.g. gadolinium-eth
oxybenzyldiethylenetriaminepentaacetic acid Gd-EOB-DTPA) allow the visualiza-
tion of delayed hepatocyte uptake and have partial excretion in the biliary system,
as clearly visible in the hepatobiliary phase (HBP) (also called liver-specific phase)
[75]. In the HBP, liver metastases appear clearly hypointense with respect to the
brightly enhanced healthy liver parenchyma due to cellular substitution phenom-
ena [76].

HCC typically shows early arterial phase intratumoural enhancement with rapid
washout in the portal venous phase or delayed phases, as well demonstrated in
dynamic MRI studies [77].
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HCC lesions appear hypointense in the HBP: very rarely HCC lesions described
as hyperintense in this phase, need to be studied also in on other sequences, such as
T2w and DWI, in order to distinguish hyperintense HCC from benign lesions, such
as focal nodular hyperplasia.

3.5 Pancreatic Cancer

The role of RT in pancreatic cancer is evolving rapidly in recent years thanks to the
successful introduction of SBRT in clinical practice. In this setting, target delinea-
tion is a crucial step, especially considering the relative radiosensitivity of the sur-
rounding organs at risk (i.e. duodenum and small bowel) [78, 79].

3.5.1 How Can MRI Be Used in Pancreatic Cancer Segmentation?

Historically, high-resolution contrast-enhanced CT has been used for staging and
radiotherapy planning in pancreatic cancer. Some working groups analysed the role
of MRI in the target delineation, showing that its use reduces local observer varia-
tion when compared to standard CT, resulting in smaller and more precise volumes.
However, the authors pointed out the need for detailed instructions in order to fur-
ther improve delineation in such a complex anatomical site [80, 81].

3.5.2 How Can MRI Be Included in the Pancreatic RT Treatment
Planning Workflow?

The MRI to be used for planning support should be ideally acquired on the same day
or a few days before or after the simulation CT. Thereby, the patients’ positioning
and organ filling conditions should be as reproducible as possible (i.e. dietary
instructions for reproducible stomach filling). Co-registration of the MRI on the
planning CT should be based on GTV, or when present on fiducial markers, making
manual adjustments, basing the alignment directly on target volumes rather than
organs at risk [82].

3.5.3 What Does Pancreatic Cancer and Surrounding Organs at
Risk Look like in MRI?

Pancreatic adenocarcinoma is visualized as a hypointense area surrounded by
healthy pancreatic tissue, characterized by bright/high signal in morphological
sequences. Considering post-contrast sequences, in the arterial phase, the tumour
enhances less than the surrounding parenchyma, while in the venous phase, it shows
increasing enhancement, especially for small tumours. The portal venous phase can
be useful to assess venous involvement and to visualize suspicious lymph nodes
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Fig.3.5 Hypointense pancreatic adenocarcinoma lesion in all pulse sequences (a: T2w axial scan,
left and b: T1w axial scan, right) of the pancreatic head. The lesion infiltrates the main pancreatic
duct, extends to the peripancreatic adipose tissue, encases the superior mesenteric vein and obliter-
ates more than half of superior mesenteric artery circumference

[83, 84]. On T2w-imaging tumour may appear from isointense to moderately
hypointense (Fig. 3.5a,b). Even if not reliable in effectively distinguishing the mar-
gins of the lesion, T2w may be of help in highlighting tumoural cystic areas [85].

Organs at risk are better visualized on T2w-MRI, and using MRI to guide their
segmentation generally results in smaller volumes when compared to CT-based seg-
mentation. In particular, T2w-images are very useful in case of suspected duodenal
invasion, while both T1w and T2w may be of help for stomach segmentation [86].
Vessels are better defined in arterial and venous phases of the contrast-enhanced
sequences and can support the delineation of nodal volumes [85].

3.5.4 AreThere Any Recommendations to Follow
in the Different Segmentation Steps?

Hall et al. [81] presented a systematic MRI-based method for GTV contouring, while
Heerkens et al. [85] proposed practical recommendations for contouring pancreatic
volumes. The aforementioned authors recommended to start contouring using T1w-
MRI to identify the GTV. Next, the delineation has to be optimized using post-con-
trast sequences and T2w-imaging. It is suggested to use DWI sequences only at the
end of segmentation process, as DWI alone does not allow for discrimination of
pancreatitis from tumour and of pathological lymph nodes from benign ones [83].

3.6 Prostate Cancer

MRI represents the imaging modality of choice for RT target delineation in prostate
cancer (PC).

Multiparametric magnetic resonance imaging (mpMRI) allows the acquisition of
multiplanar images and is recommended for the diagnosis and staging of PC, the
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detailed study of biochemical recurrence after radical prostatectomy to support
treatment choice (surgery, standard radiotherapy, focal therapies or salvage
radiotherapy).

The complete MRI study for PC combines a morphological study (T1w- and
T2w-imaging) with functional DWI sequences and dynamic contrast-enhanced
imaging (DCE) with gadolinium [87]. MRI has indeed proven to be the most reli-
able imaging support for prostatic volume segmentation, especially in the apex and
seminal vesicles, avoiding over- or under-estimation of the volumes that are com-
monly obtained on CT-based segmentations [88, 89]. Furthermore, the improved
definition of the anatomic structures involved in erection, such as internal pudendal
artery, the periprostatic nerve fibres and penile bulb, may lead to higher rates of
erectile function preservation and better quality of life [90]. The use of MRI allows
for smaller treatment volumes and fewer inter-observer variations in prostate delin-
eation, suggesting that MRI-based contouring can reduce treatment-related toxicity,
with the possibility to perform more safe and effective focal treatments and dose-
escalation protocols [91-94].

The use of MRI scanners with field strength of 1.5 T or more is strongly sug-
gested, and the diagnostic scan should be performed at least 8 weeks following
biopsy to allow for post-procedure changes to resolve, such as secondary hemato-
mas that could hamper the correct tumour identification.

3.6.1 What Are the Recommendations for the Use of MRI
in the Simulation Phase of Radiotherapy Planning?

Planning CT and support MRI should ideally be simulated under similar conditions,
both regarding patient positioning and organ filling (i.e. voiding instructions,
endorectal ballon) [95].

mpMRI is to date not mandatory for RT treatment planning: T2w-imaging in
transverse plan is therefore sufficient to obtain the necessary anatomical informa-
tion. However, mpMRI should be performed if focal treatments are to be performed
or when the use of escalation dose protocols is foreseen.

The target volume delineation in primary PC has been the object of several
guidelines, such as those formulated by the European Organisation for Research
and Treatment of Cancer (EORTC) group [96].

More recently, a consensus on CT-MRI-based contouring for primary prostate
cancer has been formulated by the European Society for Radiotherapy and Oncology
(ESTRO) together with the Advisory Committee on Radiation Oncology Practice
(ACROP) [97]. It is recommended to perform CT-MRI co-registration based on
bone anatomy. If present, alignment on implanted fiducial markers can increase the
accuracy of registration [98]. As reported by the recent ESTRO-ACROP consensus,
MRI allows a better discrimination between the posterior prostate edge and the
anterior rectal wall, as the prostate capsule is displayed as a sharply demarcated
dark rim on T2w-imaging. Moreover, the low intensity of the rectum well contrasts
with the high signal intensity of the normal prostatic peripheral zone in this
sequence.
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The external urethral sphincter and distal urethra can be visualized as they con-
trast with the prostatic apex, visible as a triangular area. This area is also generally
well distinguishable from the prostatic sphincter, from the urogenital diaphragm
and from the lateral levator ani muscle, characterized by low signal intensity.

The anterior edge of the prostate is difficult to delineate on CT, as the anterior
surface of the prostate consists of the anterior fibromuscular stroma (AFMS), char-
acterized by the same density of the adjacent venous plexus and therefore hardly
distinguishable. Noteworthy, AFMS shows low signal intensity as opposed to high
signal intensity of the venous plexus on T2w-imaging. This can prevent unneces-
sary inclusion of this structure in the target volume. The correct visualization of the
prostate base must take into account the possible presence of benign hyperplasia
protruding into the bladder, which will be easily displayed on T2w-MRI thanks to
the significant intensity difference with the urine. Seminal vesicles are characterized
by high signal intensity on T2w-imaging [97].

3.6.2 How Does Prostate Cancer Show Up on MRI Images?

Malignant lesions appear as nodules or hypointense areas on T2w-imaging, with
less-defined margins at the transitional zone. According to the Prostate Imaging
Reporting and Data System (PI-RADS v2) model, the T2w-imaging sequence is
key to the diagnosis of PC in transition zones. T1w-imaging is useful for detecting
the presence of post-biopsy bleedings (a common cause of false-positive PC diag-
nosis), nodal disease and bone metastasis in the pelvic area.

According to the PI-RADS v2 model, DWI is crucial to the diagnosis of PC in
peripheral zone and in characterising indeterminate lesions in the transitional zone,
while DCE sequences have a secondary value in the characterization of indetermi-
nate lesions in the peripheral zone (Fig. 3.6a,b).

Fig. 3.6 Area of hypointensity in T2w images (a: axial T2w scan, left), with signal restriction in
DWI (b, axial DWI scan, right) referable to prostate adenocarcinoma of the right central region
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Extracapsular extension is displayed on MRI as irregular capsule margins or
periprostatic fat infiltration. If suspected, it should always be included in the target
volume, while the decision to include seminal vesicles, regardless of their involve-
ment, depends on the biological characteristics and staging of the disease [99, 100].

3.6.3 Can MRI Help in Identifying Intraprostatic Tumour Lesions
to Guide the Definition of a Radiotherapy Boost?

Local recurrences often occur at the site of the primary macroscopic tumour, and
boosting the macroscopic tumour might therefore increase local control [101, 102].
The precise delineation of the intraprostatic lesion is a topic of ongoing research and
several studies showed that it should be based on functional imaging. mpMRI plays
an important role in this setting even if its use is still limited to clinical trials
[103-107].

3.6.4 Whatls the Use of MRI in Salvage Radiation Therapy after
Radical Prostatectomy and for Local Recurrence?

There is no consensus on the target volume delineation in adjuvant or salvage radio-
therapy and great variability can be observed when comparing the different existing
guidelines [108]. The principal reason can be identified in the common anatomical
changes in postoperative setting that can significantly alter the target definition. The
combination of MRI and CT for planning purposes tends to decrease the target vol-
ume and its variations ensuring a more reliable target identification [109, 110].
Local recurrence generally appears as an early-enhancing area relatively to the sur-
rounding tissues in the surgical bed, including fibrosis and/or scars. It can also
appear as a slightly hyperintense nodule on T2w-imaging, showing restricted diffu-
sion [111]. The precision in the target delineation becomes even more important
when deciding to adopt protocols of hypofractionated radiotherapy at the relapse
site, especially in the retreatment setting, with the aim of minimizing the dose to
healthy tissues to reduce side-effects [112, 113].

3.6.5 Whatls the Role of MRI in PC Brachytherapy?

This aspect of imaging is in lengthy discussed in “Image-Guided Adaptive
Brachytherapy” of this book. In short, MRI can be used to guide focal therapies in
both primary and salvage settings, due to the better visualization of the prostate
apex, external urinary sphincter, vascular structures and interface with rectum and
bladder [114]. More specifically, T2w-imaging can be used to adequately display
the tumour nodule in the context of online image guidance for interstitial catheters
insertion for high dose rate brachytherapy (HDR-BRT) [115, 116]. Despite the good
image quality, this approach is not widely used because it is associated with logisti-
cal difficulties, extensive use of resources and long duration of the procedure.
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More frequently, a T2w-MRI is acquired before the implantation and co-registered
with trans-rectal ultrasound images (TRUS) to drive either permanent source posi-
tioning or HDR catheter insertion [114, 117, 118]. Alternatively, MRI can be acquired
after completing TRUS-guided implant procedure, to improve target delineation and
for dosimetric optimization purposes. In this case, the use of Tlw-sequences for
implant reconstruction is recommended even if significant signal distortion can be
observed in the applicator site, thus decreasing treatment accuracy [119].

As for low dose rate BRT (LDR-BRT) post-implant imaging for seed reconstruc-
tion is generally CT-based: the integration of MRI can make the dosimetry phase
more accurate by compensating for the worse contrast resolution of CT and co-
registration between CT and T1w-MRI is recommended, in order to better visualize
the seeds [120]. The use of proton-weighted sequences, the implementation of spe-
cific reconstruction methods and the use of contrast agents may improve the entire
workflow in the future [121-123].

3.6.6 What Are the Perspectives of MRI for PC in the Future?

The recent large-scale use of 3 T scanners and the introduction of multichannel
surface coils may represent a significant advantage in the use of MRI in PC in the
near future. The use of hybrid PET/MRI imaging, especially for its ability in detect-
ing biochemical relapse and bone metastases with the use of new tracers, will open
new scenarios in patient management. Monitoring the response to therapies will
benefit from the increasing use of more advanced and reliable ADC sequences and
mpMRI tools.

Above all, MRI will not only be used only as a traditional tool for staging and
treatment planning, but will increasingly be used in the context of hybrid radio-
therapy units to online guide radiotherapy treatments, opening new perspectives of
medical technology and clinical knowledge [124—128]. Several experiences have
described prostate motion using electromagnetic tracking, based on fiducial mark-
ers, and evaluating data derived from prostate treatment with MR hybrid units, con-
cluding that prostate motion is irregular and not predictable. This new technology
therefore allows effective motion management, through the possibility of real-time
soft-tissue tracking and gating and adaptive RT protocols [128].

3.7 Cervical Cancer

According to the “Gyn GEC-ESTRO” working group of the Groupe Européen de
Curiethérapie (GEC) and the European SocieTy for Radiotherapy & Oncology
(ESTRO), MRI is recommended in diagnosis, staging, radiation treatment planning,
and treatment response evaluation in locally advanced cervical cancer (LACC)
[129, 130]. The better soft-tissue contrast and resolution provided can be of help in
the delineation of the GTV and organs at risk, and particularly in the description of
possible parametrial and vaginal invasion [131-133].
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3.7.1 How Can | Use the Different MRI Sequences for EBRT
Target Volume Delineation?

The MRI sequences of choice are T1w- and T2w-MRI that provide complementary
information for segmentation guidance. It has to be noted that T1w-imaging often
fails to adequately distinguish tumour edges, as its signal is equivalent to that of
healthy tissue. On the other hand, T2w-images show the tumour as a more or less
uniform area of medium or high signal, in contrast to healthy tissue (low signal) and
parametrial tissue (high signal) [134]. T1w-MRI with fat suppression and contrast-
enhanced sequences can help in the visualization of the tumour (Fig. 3.7a,b).

Useful physiological and functional information can be obtained from DCE and
DWI [135, 136]. Nevertheless, the obtained information should be interpreted with cau-
tion, especially regarding the involvement of the parametrial tissue and stroma, as the
experiences reported in the literature are controversial about this issue. An intact hypoin-
tense stromal rim on T2w-imaging is the criterion for excluding parametrial invasion,
although in tumours large enough to obliterate the stromal cervical ring this is often
difficult to be defined. In addition, the use of DWI for accurate parametrial invasion defi-
nition is limited by its low spatial resolution and poor anatomical detail [137, 138].

Compared with CT, the volumes segmented using MRI are generally smaller
with important dosimetric implications, lower inter- and intra-observer variability
and an acceptable overlap with histological examinations of the surgical specimen
[139-144]. In a recent study, Song et al. [145] evaluated the different GTVs obtained
using various MRI sequences. The results showed that GTV-ADC is the smallest
obtained, GTV on Tlw-imaging and on T1 with fat suppression are the largest
while GTV-T2w-imaging is in between. The authors conclude that generating a
GTV on MRI merging the information obtained by T2w-imaging and DWI might
be the most appropriate choice for a correct target definition [145].

Fig. 3.7 Axial (a, left) and sagittal (b, right) T2w images of voluminous expansive-infiltrative
cervical cancer. This lesion appears hyperintense in T2w sequences, spreads in both parameters
and entirely occupies the vaginal canal
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3.7.2 Can MRI Give Information Also during Treatment?

LACC undergoes significant regression during radiation treatment [146, 147].
Van de Bunt et al. [148] have performed weekly MRI scans on 20 patients with
LACC and have shown an average reduction of tumour volume of 59.6% at the
fourth week of treatment, resulting in significant changes in the position and
motion of the tumour and its relationship with surrounding organs. Performing a
re-evaluation scan during therapy could be therefore advantageous for replan-
ning based on new MRI-based contours, to assess the response to the ongoing
treatments, avoiding possible unnecessary exposure of healthy organs (e.g. small
bowel) to high radiation doses [148, 149]. Besides morphological imaging, also
functional MRI can give information in predicting the response to chemoradia-
tion (CRT) [150].

DCE values indicating low tumour perfusion usually correlate with persistent
disease, while values of high perfusion indicate a disease that should have a good
response to treatment [151]. This imaging behaviour could be of help in selecting
patients who are candidate for dose escalation on areas of radio-resistance, aiming
to maximise the effects of external beam radiotherapy (EBRT), before performing
BRT [149, 152].

3.7.3 How Can MRI Be Implemented in Brachytherapy
Planning Workflow?

This aspect of imaging is in lengthy discussed in “Image-Guided Adaptive
Brachytherapy” of this book. In short, MRI is the current imaging modality of
choice for image-guided brachytherapy (IGBT). The GEC ESTRO working group
recommends the execution of an MRI scan at the time of diagnosis and before the
insertion of BT applicators for an accurate target volume delineation [153]. This
indication is part of the international report for prescribing, recording and reporting
brachytherapy in cervical cancer (ICRU 89) [154]. The gold standard for IGBT is to
get a post-EBRT MRI scan, a pre-implantation MRI scan and then a MRI scan at the
time of each applicator insertion, allowing to obtain information about the tumour
regression pattern and to adapt the dose as needed [130].

The post EBRT MRI gives information about any residual disease. When the
residual disease is very large or vaginal involvement is described, either an intracavi-
tary tandem with interstitial needles or hybrid applicators can be chosen, which have
been shown to improve dosimetric distribution and clinical outcomes [155, 156].

When logistically possible, real-time intraoperative MRI-guided insertion of
interstitial applicators is a safe technique that helps in reducing irradiation of the
organs at risk surrounding the disease [157]. A post-implantation CT scan can be
acquired and co-registered to the MRI scan, to better visualize the placement of the
applicators, although this method presents many uncertainties due to the image reg-
istration process and patient movements [114, 158].
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3.8 Rectal Cancer

Magnetic resonance imaging represents to date the most accurate imaging modality
for diagnosis, staging, evaluation of response and as support for RT treatment plan-
ning in locally advanced rectal cancer (LARC).

3.8.1 How Can MRI Be Included into LARC RT
Treatment Planning?

The use of standardized diagnostic MRI protocols for rectal distension and bladder
filling is important to maximize imaging reproducibility, paving the way to more
reliable manual or automatic co-registration procedures with planning CT scan
acquisition protocols [159, 160]. MRI-based contouring allows indeed better visu-
alization of the GTV, the sigmoid and anorectal regions and successfully reduces
intra- and inter-observer variability [161]. Tan et al. [162] compared the MRI and
CT-based GTV delineation, showing that GTV-CT coverage was inadequate when
anal or sigmoidal invasion was present, hampering treatment efficacy. The GTVs
segmented on MRI are smaller and more accurate, reducing tumour length, width
and distance from the anal verge. This results in a reduction in organs at risk toxicity
and enhances the delineation quality of the target volume, safely allowing dose
escalation protocols [161-163].

The LARC MRI protocol should include multiplanar conventional and high-
resolution oblique T2w-, T1w-imaging and multiparametric MRI sequences includ-
ing DWI and contrast-enhanced MRI. It is essential to acquire T2w- and
high-resolution oblique T2w-images, perpendicular to the tumoural axis in sagittal
view, should be obtained in one or more planes depending on the size and shape of
the tumour (Fig. 3.8a,b). These images provide the optimal anatomic information
for an improved assessment of the depth of invasion and of tumoural relationships,

Fig. 3.8 Evidence in axial (a, left) and sagittal (b, right) T2w scans of a gross adenocarcinoma
lesion at the level of the left anterolateral wall of the mid-high rectum occupying half of the lumen
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such as the relation to the sphincter complex and levator ani muscle in patients
affected by low rectal tumours [164-166]. DWI-MRI improves the accuracy of
detecting rectal cancer and involved pelvic nodes and may be of help in response
assessment [166—169].

Contrast-enhanced MRI sequences may improve the detection of malignant
lymph nodes, extramural vascular invasion and facilitate the characterization of T4
tumours. DCE sequences can give information about the circumferential resection
margin resection (CRM) status, while mpMRI plays a very important role in restag-
ing [166, 170].

The evaluation of response to radio(chemo)therapy is based on assessment of
local tumour status, mesorectal fascia, extramural vascular invasion and lymph node
status, and is crucial for planning the appropriate treatment strategy. It is performed
according to the MRI tumour regression grade (TRG) system, based on the propor-
tion of presumed residual tumour and fibrotic change as shown on T2w-imaging. In
particular, Grade 1 indicates a complete radiologic response with a linear/crescentic
1-2 mm scar in the mucosa or submucosa on MRI. However, MRI cannot give
information about microscopic residual tumour or mucin lakes.

3.8.2 What Are the Recommendations for Rectal
Cancer Segmentation?

The target volume includes macroscopic tumour, mesorectum and pelvic lymph
nodes. At the tumour level, the entire circumference of the rectum is included due to
the inability to discriminate the tumour from normal rectal tissue, while the meso-
rectal fascia is generally clearly visible on T2w-imaging. Primary rectal tumours are
generally moderately hyperintensive on T2w-sequences, intermediate between the
signal intensity of the muscularis propria and mucosa, and show enhancement after
contrast agent injection. LARC lesions show restricted diffusion in DWI sequences
and the depth of invasion through the rectal wall and surrounding structures are well
visualized with MRI. Extracellular mucin is hyperintense on T2w-MRI and may
suggest the presence of mucinous tumours. Despite the suspected histological type,
it is always recommended to follow the international guidelines for target volume
delineation in rectal cancer [171].

3.8.3 Can MRI Be Useful in Defining Treatment Response
and Guiding Escalation Dose Protocols?

In recent years, many studies have looked for biomarkers for the training of predic-
tive models of response to LARC neoadjuvant therapies. A successful prediction of
response can lead to the personalization of oncological treatments, with the oppor-
tunity to intensify the dose of radiotherapy (i.e. boost) and use new systemic therapy
approaches. Van den Begin et al. [172] have shown that tumour regression occurs
more rapidly in the first 3 weeks of treatment, which was confirmed by Lambregts
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et al. [173] who stated that patients who have the best response to treatment had
shown a significant tumour reduction in the same first 3 weeks of treatment. More
recently, Fiorino et al. [174] developed a tumour early regression index based on the
MRI images acquired during the second week of treatment. This index was able to
predict the complete pathological response to neoadjuvant treatments and the dura-
tion of distant metastasis-free survival, with response rates to neoadjuvant CRT
therapy being strictly dose-dependent [175].

The delineation of tumour volume to be boosted, especially when high doses are
prescribed, cannot be based solely on the imaging acquired during the simulation
phase, but must take into account any tumour regression that may have occurred
during treatment. The use of MRI as an early re-evaluation imaging tool and MRI-
based volume segmentation for boost guidance could help in selecting patients who
could benefit from escalation dose protocols by increasing accuracy and sparing
organs at risk from unnecessary irradiation [149]. Functional MRI, in particular
DWI, may be used as a biomarker to select patients for dose-adaptation protocols
[150, 175-177].

3.9 Anal Cancer

3.9.1 What Are the Potential Uses of MRI in Treatment Planning
in Anal Cancer?

During RT planning, CT, MRI, and PET-CT images should be co-registered to the
simulation CT to correctly identify the target volumes [178].

3.9.2 What Are the MRI Sequences that Can Help
with Contouring?

The GTV is contoured based on clinical examination and on the tumour visible on
anatomical and functional imaging. For this, apart from FDG-PET-CT, T2w- and
DWI-sequences (volume of a signal restriction) are acquired in order to delineate
the infiltrative component of the disease at the level of the anal canal and surround-
ing soft tissues (Fig. 3.9a, b). It has been shown that there is no significant inter-
observer variability in GTV segmentation, when using either PET-CT or MRI. The
use of these imaging modalities becomes crucial when adopting dose escalation
strategies (i.e. dose painting) [179].

3.9.3 Can MRI Be Useful in Brachytherapy Planning?
Multiparametric MRI is the gold standard in IGBT of anal cancer, especially when

BT is used as a boost after external beam radiotherapy and the definition of the tar-
get volumes could be complicated [180]. The advantage of this approach is mainly
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Fig. 3.9 Axial scan of anal cancer originating from the lower third of the anal canal, irregularly
hyperintense in T2w sequences (a, left) and characterized by restricted proton diffusion in DWI
sequences (b, right)

represented by the possibility to deliver high doses to the primary tumour volume,
while accurately sparing the surrounding organs at risk, thanks to the rapid fall-off
of the dose distribution. Although ultrasound is widely used, MRI remains crucial
in this framework, providing better spatial resolution and allowing reliable target
delineation.

3.9.4 Can MRI Be Helpful in Follow-Up?

Response is usually assessed 6—8 weeks after completion of treatment. MRI can
successfully be used together with clinical response assessment through digital rec-
tal examination. Reduction in tumour size as well as hypointensity on T2w-imaging,
generally indicative of fibrosis, are findings in favour of a tumour’s response to
treatment [180].

3.9.5 How Can the MRI Be Used in the Future?

Recent studies have shown that not all categories of patients affected by anal cancer
can benefit from RT dose escalation protocols [181]. This should be taken into
account for the reduction of toxicity associated with the treatment and the possible
increase of local control rates. In this context, the use of information from DWI and
DCE studies can guide the clinician in the therapeutic choice. Jones et al. [182]
hypothesized the execution of mpMRI during radiochemotherapy to identify imag-
ing biomarkers in order to monitor treatment response and guide its assessment in
an exploratory phase 2 study, but the available evidences need to be validated by
further studies. This imaging-related information, together with information on
tumour staging and HPV stage, may serve in the near future as biomarker of
response to multimodal cancer therapies, addressing the high tumour heterogeneity.
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The primary aim is to intensify the RT dose in patients with unfavourable biological
profile and de-escalate in the ones for whom a response to lower doses is foreseen,
with the aim of reducing toxicity and increasing disease control.
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4.1 Introduction

The aim of radiotherapy to optimise tumour control while reducing side effects on
healthy tissue is being pursued by applying dose distributions with increasingly
steep gradients between the tumour and healthy organs at risk. With the introduction
of advanced treatment techniques, such as three-dimensional conformal (3DCRT),
stereotactic (SRT) and intensity-modulated radiation therapy (IMRT) as well as
volumetric modulated arc therapy (VMAT), the precise and accurate dose delivery
increasingly relies on an exact knowledge of the patient’s position and anatomy dur-
ing the course of treatment.

However, the patient anatomy with respect to the treatment reference point (iso-
centre) can strongly vary between treatment fractions (inter-fractionally) and within
a treatment fraction (intra-fractionally). Inter-fractional variations can be introduced
by imperfect patient setup, weight loss or gain, tumour shrinkage, oedema, post-
operative tissue remodelling and inflammatory swelling. Anatomical changes due to
respiration, cardiac motion, peristalsis, muscle relaxation, bowel, rectum and blad-
der filling as well as spontaneous motion such as swallowing during irradiation can
cause intra-fractional uncertainties.
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In order to ensure that a patient’s tumour receives the prescribed dose in spite of
these variations, a safety margin around the clinical target volume is commonly
irradiated in addition to the tumour itself. As an example, this margin currently
ranges between 6 and 18 mm for prostate-cancer patients positioned by aligning
tattooed skin markers with the laser system in the treatment room [1]. This increases
the irradiated volume by a factor of approx. two to seven. Hence, the normal tissue
complication probability rises or the tumour volume needs to be underdosed.

Image-guided radiotherapy aims at reducing these safety margins by imaging
essential parts of the patient anatomy in treatment position [2, 3]. Most commonly,
anatomical images are acquired immediately before treatment fractions to adapt the
patient position or treatment plan if necessary. Furthermore, there are techniques to
monitor tissue motions and deformations in real time during irradiation [4]. By
doing so, dynamic beam delivery with an enhanced dose conformality is rendered
possible. Since the various modalities offer different advantages and drawbacks,
most radiotherapy departments use combinations of several modalities individually
tailored to the different treatment sites [5, 6].

This chapter outlines the most important modalities currently used for position
verification and motion control of the patient and tumour in treatment position.
Section 4.2 focuses on X-ray imaging systems, including electronic portal imaging,
cone-beam CT, in-room diagnostic CT, and helical tomotherapy. Surrogate tracking
systems based on optical, electromagnetic, and mechanical measurements are
described in Sect. 4.3. The application of ultrasound imaging is presented in Sect.
4.4 and “Ultrasonography in Image-Guided Radiotherapy: Current Status and
Future Challenges”. The use of MRI for online image guidance is discussed in
“Magnetic Resonance-guided Adaptive Radiotherapy: Technical Concepts” and
“MR-integrated Linear Accelerators: First Clinical Results”.

4.2 X-RaylImaging Systems

The application of ionising radiation for position verification was already proposed
in the early days of radiation oncology [7]. To meet the steadily increasing require-
ments in precision and accuracy of dose delivery, X-ray image acquisition and
reconstruction were continuously improved and convenient technical solutions
were implemented to enable a widespread translation into routine clinical prac-
tice [8-10].

Depending on the treatment site, complexity and intended accuracy in patient
positioning as well as on the equipment available within the treatment room, two- or
three-dimensional X-ray imaging is preferred. Two-dimensional X-ray imaging
systems (i.e., electronic portal imaging and planar X-ray acquisition) are widely
clinically applied. They are most appropriate if a patient misalignment can be suf-
ficiently corrected by determining the geometrical difference of bony structures or
of implanted fiducial markers to the position of these surrogates in the treatment
plan. To properly account for internal anatomical changes induced by weight gain
or loss, cavity fillings and organ motion, three-dimensional imaging using
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cone-beam (CBCT) or in-room CT is the current state-of-the-art method for adjust-
ing patient positions [2, 5].

Imaging systems can use either the megavoltage (MV) X-ray spectrum provided
by the linear accelerator or dedicated kilovoltage (kV) X-ray imaging systems
mounted on the treatment device, connected to the treatment couch, or installed in
the treatment room. Since the X-ray attenuation of megaelectronvolt (MeV) photons
extracted from the linear accelerator is dominated by incoherent scattering, only
tissues with a large difference in electron density can be easily distinguished, e.g.
air, soft tissue and bone. In contrast to this very limited tissue contrast, X-ray spectra
with common energies up to 80-140 kiloelectronvolt (keV) substantially improve
the discriminability of several types of soft tissues as well as of bones, because the
attenuation of low-energy photons is strongly influenced by the photoelectric effect
in addition to incoherent scattering. Due to technical restrictions of on-board two-
and three-dimensional X-ray imaging systems, the overall image quality is not com-
parable with in-room diagnostic CT systems. Furthermore, the CT acquisition time
of on-board systems, i.e. cone-beam CT, is much longer, which restrains the appli-
cability for treatment sites affected by organ motion, if no time-resolved image
reconstruction is considered.

In the following paragraphs, the most common X-ray imaging systems and their
respective benefits and limitations are discussed. Two-dimensional X-ray acquisi-
tions will be addressed in the first two subsections. Sects. 4.3.3—4.3.5 are dedicated
to volumetric X-ray imaging for position verification.

Overview

(+) pre-installed by manufacturers, easily applicable and individually adjustable,
quantitative planar and volumetric imaging of internal anatomy, dose verifica-
tion and dose tracking possible during the course of treatment.

(—) ionising radiation (therefore mostly used to adapt for inter-fractional varia-
tions), implanted fiducial markers are necessary to improve image contrast for
some clinical indications, e.g. soft-tissue tumours.

4.2.1 Electronic Portal Imaging

MYV photon treatment beams generated by the linear accelerator can be directly
applied for adjusting the patient position in each fraction, verifying the treatment
field before starting radiation delivery, as well as monitoring dose delivery during
irradiation [11, 12]. After being shaped to the targeted region with jaws, a block
and/or a multileaf collimator, the photon beam traverses the patient anatomy. The
attenuation of the beam by the patient is commonly measured by an amorphous sili-
con active matrix flat-panel imager, a so-called electronic portal imaging detector
(EPID). The cumulative dose for acquiring a single planar MV image ranges from
10 to 50 mGy in most cases [13]. Since the treatment field itself can be used for
patient setup, the delivered dose can already be taken into account in the treatment
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plan. Furthermore, the imaging and treatment isocentre is identical and therefore no
additional isocentre check is required for quality assurance (QA).

The planar projection of the patient anatomy in treatment position detected by a
MYV EPID can be compared with a reference MV X-ray image, a kV X-ray image
acquired during patient simulation, or with a digitally reconstructed radiograph
(DRR) in beam direction (Fig. 4.1). A DRR is derived from the CT scan used for
treatment planning. Based on bony landmarks or fiducial markers implanted in
proximity of or within the tumour region (e.g. for patients with pancreatic or pros-
tate cancer), geometrical shifts correcting for a potential misalignment with respect
to the position in the treatment plan can be determined and applied to the treatment
couch. This approach is clinically appropriate for static treatment sites, where the
bony anatomy or the location of fiducial markers can be assumed as a reliable

a Two-dimensional X-ray imaging

Digitally Reconstructed Radiograph
(from kV CT scan)

b Optical guidance (surface tracking)

Anterior Lateral

Fig. 4.1 (a) Exemplary two-dimensional X-ray images of the head-and-neck (top) and pelvis
region (bottom). (b) Surface detection images (pink) of an exemplary breast-cancer patient. The
white area represents the body region used for patient positioning
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surrogate for the actual tumour localisation. In contrast to kV radiographs, MV
X-ray images are not noticeably affected by high-density metallic implants, such as
dental fillings or hip prostheses.

A geometric accuracy of 1-2 mm can be achieved in patient positioning using
MYV EPID. This technique is provided by all past and present vendors of linear
accelerators, such as Elekta Instrument AB (Stockholm, Sweden), Siemens
Healthineers (Erlangen, Germany) and Varian, a Siemens Healthineers Company
(Palo Alto, CA), and can be applied to all treatment sites for setup verification [2].
However, planar MV X-ray imaging only provides a very limited tissue contrast at
a relatively high imaging dose.

4.2.2 Planar kV X-Ray Imaging

As an alternative to the relatively high-dose and low-contrast planar MV imaging,
the acquisition of two-dimensional kV X-ray images was proposed for setup verifi-
cation (Fig. 4.1). In addition to a better differentiation of soft tissues, kV X-ray
projections of the patient anatomy only require a small imaging dose of below 1 up
to 3 mGy per image to be efficiently measured by an amorphous silicon flat-panel
detector [13]. The imaging isocentre of the additionally implemented kV X-ray
imaging system needs to be accurately aligned with the treatment isocentre to guar-
antee a reliable use of the radiograph for detecting and correcting potential patient
misalignments. To this end, an isocentre consistency check is performed in a regular
QA procedure.

The kV X-ray image is compared with a DRR derived from the CT scan used for
treatment planning. A rigid registration of the two planar projections with respect to
the bony anatomy, implanted fiducial markers or well-definable soft tissues yields
the geometrical shift for patient setup adjustment. As opposed to MV X-ray only,
three-dimensional setup information can be gathered by combining two X-ray
images simultaneously acquired from different angles (mostly orthogonally).
Hence, correction vectors for translations and rotations can be determined and
applied to the treatment couch to further improve the accuracy in patient position-
ing. It is technically possible to use 2 kV or MV X-ray images, or even a combina-
tion of kV and MV X-ray acquisitions. The kV X-ray imaging system can also be
applied for real-time tumour tracking in fluoroscopic mode [5].

A geometric accuracy of 1-2 mm can be achieved in patient positioning for vari-
ous treatment sites using orthogonal X-ray imaging. Nowadays, several kV X-ray
imaging systems are commercially available. Vendors of linear accelerators offer
systems, which are directly mounted on the treatment machine orthogonally to the
treatment head with their opposing EPID, e.g. the Synergy X-ray volume imaging
(XVI) by Elekta Instrument AB and the On-Board Imager (OBI) from Varian, a
Siemens Healthineers Company. Hence, these linear accelerators technically share
the same isocentre for imaging and treatment. Other technical solutions consist of
2 kV X-ray tubes and opposing flat-panel detectors mounted to the ceiling and floor
of the treatment room, respectively, such as the ExacTrac X-ray system
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manufactured by Brainlab AG (Munich, Germany) and the CyberKnife stereoscopic
X-ray system by Accuracy, Inc. (Sunnyvale, CA). With the latter two stereoscopic
X-ray solutions, a geometric accuracy of even less than 1 mm can be achieved [2,
14]. However, both MV and kV planar imaging do not provide volumetric informa-
tion on the patient anatomy.

4.2.3 Cone-Beam Computed Tomography

In contrast to planar X-ray imaging, volumetric X-ray cone-beam CT provides more
detailed information on inter-fractional differences in the location of internal organs
and bony structures by rotating both the X-ray source and the detector around the
patient. This guarantees an even more accurate three- or four-dimensional verifica-
tion of the patient setup with a geometric accuracy below 1 mm and allows for an
assessment of anatomical changes or monitoring of the tumour response during the
course of fractionated radiation treatment [2].

Various technical solutions were developed by the vendors of linear accelerators
using their MV and kV X-ray imaging systems mounted on the treatment machine
(Sects. 4.3.1 and 4.3.2). While a sufficient tissue contrast for image guidance can be
obtained by MV cone-beam CT, anatomical structures can be much better identified
on kV cone-beam CT datasets (Fig. 4.2). To enhance the tissue contrast in MV
cone-beam CT, the proportion of photons in the keV energy range of the MV photon
beam can be increased by inserting a target consisting of carbon instead of tungsten
and removing the flatting filter in beam direction as implemented in the In-Line
kView Imaging system from Siemens Healthineers. Compared to a typical imaging
dose ranging from 1 to 35 mGy for a kV cone-beam CT scan, the acquisition of MV
cone-beam CT datasets is associated with much higher doses ranging from 30 to
100 mGy [15]. In the presence of high-density materials, such as metal implants in
hip prostheses or multiple dental fillings, the image quality of kV cone-beam CT
can be severely degraded and a MV cone-beam CT might be preferred.

To quantify the potential misalignment in patient positioning, the cone-beam CT
scan is rigidly registered with the CT scan used for treatment planning and the target
volume is defined as region of interest during the registration process. Due to the
availability of volumetric information, correction vectors for translations and rota-
tions can be determined and applied to the treatment couch. In addition to the bony
anatomy and implanted fiducial markers, the tumour itself and internal organs can
be considered for setup verification. By doing so, patients may be taken off the treat-
ment couch in the occurrence of clinically relevant displacements of the target vol-
ume as well as of large changes in bladder, bowel or rectum fillings. These findings
may give rise to a new CT scan for treatment planning or to specific instructions
(e.g., intake of fluids, urination or defecation) to establish more consistent condi-
tions with respect to the original CT scan.
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Fig. 4.2 Exemplary axial slices of three-dimensional fan-beam (upper row) and cone-beam CT
scans (lower row) of the head (top) and pelvis region (bottom). The MV CT images, the uncor-
rected and corrected kV cone-beam CT images as well as the MV cone-beam CT images were
kindly provided by Sebastian Zschaeck (Charité Universititsmedizin, Berlin, Germany), Arthur
Lalonde (Massachusetts General Hospital, Boston, MA) Julia Kirschke (Helios Klinikum, Berlin,
Germany) and Nina Niebuhr (Universititsklinikum Heidelberg, Heidelberg, Germany),
respectively
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The acquisition of a cone-beam CT, i.e. generating a sufficient number of X-ray
projections covering an angle of 200° to 360°, takes roughly 1-2 min. Since this is
a relatively slow process compared with diagnostic CT, a cone-beam CT scan rep-
resents an average view of the patient morphology and motion-induced anatomical
changes are blurred. This effect can be addressed by correlating the respiratory
motion with cone-beam CT acquisition. This allows for a retrospective time-
resolved (4D) image reconstruction by assigning X-ray projections to specific
breathing phases. Since only a portion of all projections can be used for phase-based
cone-beam CT reconstruction, the poor angular sampling leads to severe streak arte-
facts and consequently a clearly inferior image quality with respect to static cone-
beam CT. This can be partly compensated by reducing the rotation time of the linear
accelerator, which results in longer acquisition times (usually 2—4 min) and thus
smaller angular gaps between X-ray projections [16, 17].

Due to the technical design of such systems, a severe impact of X-ray scattering
and beam hardening, especially for larger diameters and at large cone angles as in
the upper abdomen or pelvic region, signal lags as well as restrictions in detector
efficiency and field of view are prevalent. These technical issues in combination
with patient and organ motion during the acquisition can result in a degradation of
the image quality in terms of tissue contrast for tumour detection and consistency in
CT numbers for dose calculation. The field of view can be increased by off-centring
the detector to fully cover each half of the body in two 180° rotations separately, and
then combining the projections in image reconstruction [15]. The influence of X-ray
scattering on streak artefacts and CT number stability can be substantially improved
by iterative reconstruction algorithms and advanced methods for scatter estimation
[18-20], which might potentially lead to a more precise and accurate representation
and differentiation of soft tissues in future.

Another kV cone-beam CT system consisting of a ring structure with two arms
carrying the X-ray source and flat-panel detector was introduced as ImagingRing by
medPhoton GmbH (Salzburg, Austria). This system can be mounted on the treat-
ment couch or on the ceiling with a rail system and enables rotations of more than
400 degrees for full-arc acquisitions of a large field of view [21].

4.2.4 Helical Tomotherapy System

Helical tomotherapy systems deliver IMRT treatment fields divided in slices by
continuously rotating a 6 MV fan-beam photon linear accelerator at a constant
velocity with a binary multileaf collimator for intensity adjustment around the
patient while simultaneously moving the treatment couch. The technical principle is
comparable to a diagnostic X-ray CT scanner. For imaging purposes, the multileaf
collimator is fully opened and the nominal electron energy is reduced to 3.5 MeV. The
treatment beam in combination with the opposing detector, commonly consisting of
an ion-chamber array filled with Xenon gas, can be used to acquire fan-beam MV
CT scans of the patient in treatment position (Fig. 4.2). Typical imaging doses are
in the range of 10-30 mGy (depending on the selected pitch) and thus comparable
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to kV cone-beam CT acquisitions. Since the imaging and treatment isocentre are
identical, no additional isocentre QA check is required [2, 15].

The MV fan-beam CT scan is rigidly registered to the diagnostic CT scan
acquired for treatment planning. A translational and rotational correction matrix is
determined to adjust the patient setup with respect to the position in the planned
scenario. The accuracy in image registration depends on image acquisition settings,
such as pitch, slice thickness and scan length. It can also differ between body
regions. In general, the image quality of MV fan-beam CT scans is less affected by
X-ray scatter and beam hardening compared with kV and MV X-ray cone-beam
CT. Furthermore, image artefacts caused by metallic implants hamper the image
quality of kV X-ray cone-beam CT but are not present in MV fan-beam CT. However,
the image noise and soft tissue contrast of volumetric MV X-ray imaging is substan-
tially inferior to kV X-rays, but mostly still sufficient to identify clinically relevant
soft tissues in addition to the bony anatomy for patient setup adjustment. The MV
fan-beam CT scan can be directly used for dose calculations and the assessment of
anatomical changes or tumour response during the course of treatment. In the cur-
rent technical design, an axial CT slice with a field of view of 40 cm can be acquired
and reconstructed within 5 s [2, 15].

A submillimetre geometric accuracy can be achieved in patient setup verification
for various treatment sites with the MV fan-beam X-ray imaging system. Two heli-
cal tomotherapy solutions, TomoTherapy and Radixact, are currently commercially
available from Accuracy.

4.2.5 In-Room Computed Tomography System on Rails

By the integration of a conventional CT scanner in the treatment room, the same
diagnostic image quality as used for treatment planning can be deployed for patients
immobilised in treatment position (Fig. 4.2). An in-room CT scanner is installed on
a rail system, which is in line with the treatment couch axis and enables the move-
ment of the CT scanner while the patient is kept still in treatment position. After
isocentric positioning of the patient with respect to the room laser system, the treat-
ment couch is rotated (usually by 180°) to align the couch orientation with the rail
system. For patient treatment, the couch rotation is reversed. Since this workflow
can be time-consuming sometimes, a final verification of the treatment position with
two-dimensional X-ray might be appropriate. The alignment of the two coordinate
systems as well as the treatment and imaging isocentre is verified in a regular QA
procedure. A typical CT dose ranges from 0.5 to 10 mGy, depending on the diagnos-
tic quality geared to the respective application — with an increasing imaging dose
from (1) exclusively setup verification to (2) recalculation of dose distributions to
(3) a full adaptation of the treatment plan including target delineation or quantitative
tumour response assessment [2, 14, 15].

To adjust a potential misalignment of the patient with respect to the position in
the treatment plan, the two CT scans, i.e. the in-room prior to treatment as well as
the treatment-planning CT scan, are rigidly registered and the determined
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correction vectors are directly applied to the treatment couch. Due to the diagnostic
image quality, bony structures and soft tissues can be easily considered for setup
verification. Common in-room CT systems can be equipped with bore sizes up to
85 cm to support even bulky immobilisation devices. In-room CT scans can be
reconstructed with a field of view of 50 cm (up to 60—70 cm with new CT scanner
generations), which can be extended up to 80-85 cm based on extrapolated X-ray
projections. Recent innovations in diagnostic CT acquisition (e.g. dual-energy CT)
and image reconstruction (e.g. iterative reconstruction, beam hardening correction
and metal artefact reduction) have further improved the tissue contrast, increased
the CT number stability and reduced the overall imaging dose for radiotherapy solu-
tions [22, 23].

Patient positioning for all treatment sites can be performed with a submillimetre
geometric accuracy by exploiting the full diagnostic capabilities of in-room kV CT
scanners on rails. Such CT systems are provided by the common vendors of CT
scanners, such as Canon Medical Systems Corporation (Otawara, Japan), GE
Healthcare, Inc. (Chicago, IL, USA), Philips Healthcare (Amsterdam, Netherlands)
and Siemens Healthineers.

4.3  Surrogate Tracking

X-ray imaging systems, as described in the previous section, enable the direct imag-
ing of the internal patient anatomy. Since they add ionising radiation dose to the
patient, they are mainly applied to monitor inter-fractional variations. However,
intra-fractional variations such as respiration and digestion can also significantly
alter the delivered dose distribution. Therefore, a number of surrogate measures
have been developed supplementing X-ray imaging systems.

Cameras operating in the visible or the infrared spectrum are used for position
verification of superficial tumours such as breast cancer or soft tissue sarcoma
(Sects. 4.3.1 and 4.3.2). Furthermore, they can generate a breathing signal, which
can be applied to synchronise irradiation with the patient breathing pattern. Such a
breathing signal can also be generated by spirometry (Sect. 4.3.3) and mechanical
gauges (Sect. 4.3.4). Finally, electromagnetic transponders implanted in the tumour
can facilitate the tracking of the tumour position (Sect. 4.3.5).

In general, the correlation of these surrogate signals with the patient anatomy, i.e.
the position and shape of the tumour and healthy tissue, is limited [24, 25]. Therefore,
they are not used as alternative to, but rather in combination with X-ray imaging
systems.

Overview

(+) easy installation and use, real-time information during irradiation, no ionising
radiation.

(=) no volumetric images, limited correlation between surrogate position and inter-
nal patient anatomy.
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4.3.1 Optical Guidance

Optical guidance can be performed by cameras monitoring the patient’s surface
(Fig. 4.1). Light sources project a grid pattern on the patient’s surface, which is
detected by one to three high-definition cameras and converted into a three-
dimensional map in real time. To determine the translation and rotation necessary
for correcting the patient position, this virtual surface is mapped onto the external
body contour derived from the treatment planning CT scan by rigid or deformable
registration. Furthermore, breath-synchronised irradiation and patient motion moni-
toring can be facilitated by integrated systems that pause irradiation automatically
whenever the monitored surface leaves a defined volume [26, 27].

Due to computational costs, there is a trade-off between the spatial resolution,
the temporal resolution, and the imaged volume. Most commonly, a high resolution
is prioritised, for example, in cranial applications, whereas a large volume and high
temporal resolution are chosen for breath-synchronised irradiation. The geometric
accuracy of optical guidance typically ranges from 1 to 2 mm if room lighting is
optimal and the patient is unclothed [3].

The advantages of this system lie in its straightforward implementation, its real-
time capability, and the absence of radiation dose. However, it provides no informa-
tion on the internal patient anatomy. Furthermore, the correlation between surface
and target motion can be unreliable for many body regions, especially for deep-
seated tumours. Optical image guidance is therefore best suited for superficial
tumours, whose position correlates reliably with the patient surface, such as skin
tumours, superficial soft-tissue sarcoma, and whole breast irradiation [28]. The real-
time imaging capabilities of optical image guidance systems are most commonly
used for breath-gated irradiation of the breast in combination with deep-inspiration
breath-hold.

The most common commercial optical surface tracking systems in radiotherapy
are AlignRT (VisionRT, London, UK), Catalyst (C-Rad, Uppsala, Sweden) and
Identify (Varian, a Siemens Healthineers Company).

4.3.2 Infrared Markers

As an alternative to the visible range of the electromagnetic spectrum, infrared light
can be used to monitor the patient’s surface. This is facilitated by either passive
infrared reflectors or active infrared emitters attached to the patient, the treatment
couch or patient positioning equipment. Before and during irradiation, stereoscopic
cameras installed in the ceiling of the treatment room record the marker position in
three dimensions at a frame rate of up to 100 frames per second. This enables both
position verification and online motion monitoring. In integrated systems, beam-on
can be triggered automatically during patient breath-hold [29].

Such systems are relatively easy to implement, provide real-time information of
the reflector position, and do not add radiation dose to the patient. Hence, they are a
commonly used option for motion monitoring during irradiation. However, the
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reflector position provides limited information of the patient’s anatomy and serves
only as a surrogate for the tumour position. Furthermore, the repeated marker posi-
tioning on the patient skin adds to the treatment time and causes reproducibility
uncertainty.

Infrared systems are therefore mostly used in combination with other position
verification systems and to generate a breathing signal for gated treatment delivery.
Comparative studies have shown residual setup errors for treatments of the breast
and internal organs in the order of 3—4 mm [30, 31].

Common infrared monitoring systems are the Real-time Position Management
system (Varian, a Siemens Healthineers Company), ExacTrac (Brainlab AG) and
SMART DX (BTS Bioengineering, Garbagnate Milanese, Italy).

4.3.3 Spirometry

Spirometers can be used as a means to control the air volume inhaled by the patient.
They are attached to the patient via a mouthpiece and a valve acting to restrict the
inhaled air volume to a pre-defined level. This technique, referred to as active
breathing control (ABC), enforces a reproducible lung volume, and has been applied
for Hodgkin’s disease, breast and lung tumours [32, 33]. Integration with the linear
accelerator ensures an automatic synchronisation of the irradiation with the patient
breathing pattern. A common ABC system is the Active Breathing Coordinator
(Elekta Instrument AB).

This technique is free from ionising radiation and relatively easy to implement.
However, the correlation of the inhaled air volume with the position and shape of
the tumour and healthy organs is not always reliable due to variations of the thoracic
and abdominal breathing motion [34]. Furthermore, patients need to be trained to
properly breathe under ABC, which requires a good compliance and
communication.

4.3.4 Mechanical Gauges

Mechanical gauges used to monitor the patient respiration are non-invasive and very
easy to implement. One such method relies on expanding belts. Here, a belt is placed
around the abdomen of the patient, which expands and contracts in conjunction with
the patient surface. A pressure sensor converts the pressure changes to a digital gat-
ing signal. This signal can be used to synchronise irradiation with the breathing
cycle. Common pressure belt systems are ANZAI (Anzai Medical Co., Tokyo,
Japan) and Bellows (Philips Healthcare) [35, 36].

Another mechanical system is a sensor consisting of two arms placed on the
abdomen and the chest of the patient. Respiration-induced motion of these arms is
translated mechanically to a needle indicating the current respiration height on a
scale. The patient receives breathing instructions via speakers in the treatment room
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and watches the needle through a mirror to control the respiration level in real time.
This system does not require electricity, but patient compliance and flawless com-
munication between the radiotherapist and the patient. It is commercially available
as Abches (APEX Medical Inc., Tokyo, Japan) [37, 38].

4.3.5 Electromagnetic Transponders

Electromagnetic transponders are mainly used for inter- and intra-fractional motion
control of the prostate. They can be placed inside the tumour volume through a
minimally invasive intervention. When the patient is positioned on the treatment
couch, the transponders are excited by an external coil array at a resonance fre-
quency unique to each transponder. During de-excitation, a radiofrequency signal is
emitted by the transponders and recorded by receiver coils. This allows for a real-
time monitoring of the position and motion of the target, both before and during
irradiation, with an accuracy better than 2 mm [39, 40].

One of the main limitations of these markers is the need of a surgical interven-
tion. Furthermore, the markers can produce artefacts in MR images, require a non-
conducting couch top, and can only be used up to a depth of about 20 cm due to
signal degradation. The most common system is Calypso (Varian, a Siemens
Healthineers Company).

4.4 Ultrasound

Since ultrasound is covered in “Ultrasonography in Image-Guided Radiotherapy:
Current Status and Future Challenges”, only a brief overview for completeness of
the topic is given here. Ultrasound imaging is based on acoustic waves (typically
2-8 MHz) being sent into the patient tissue by a piezoelectric transducer placed on
the patient’s surface. Part of these waves are reflected at interfaces between tissues
of different acoustic impedance and in inhomogeneous tissues. The transducer then
records the resulting echo alongside its amplitude and time of flight (echo time).
Assuming a constant speed of sound (typically 1540 m/s), the time of flight is con-
verted to depth in tissue and the echo amplitude is plotted as a function of depth.

An array of successively activated transducer elements allows to generate two-
dimensional images of the patient anatomy, most commonly with the echo ampli-
tude encoded as brightness (B-mode) [41]. This technique can be extended to three
dimensions, for example, by moving the transducer array along the patient skin and
tracking the transducer with a position sensor, or by use of a two-dimensional trans-
ducer array. Due to a high repetition rate, four-dimensional imaging (i.e. continuous
real-time 3D imaging) can be performed.

Ultrasound can be used for inter-fractional patient positioning by matching an
ultrasound image acquired in treatment position to either the planning CT scan
(inter-modality matching) or another ultrasound image acquired directly before or
after the planning CT scan (intra-modality matching). For both methods, the
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position of the transducer in the reference frame of the linear accelerator can be
determined optically (by cameras and markers), electromagnetically (by electro-
magnetic emitters and detectors) or mechanically (by an ultrasound probe holder
affixed to the accelerator).

The axial resolution of this technique commonly amounts to about 0.5 mm,
depending on the depth of the tissue to be monitored and the corresponding required
ultrasound frequency. The lateral and longitudinal resolution typically range
between 2 and 5 mm, depending on the transducer element dimension and the depth
in tissue [42]. The positional accuracy of this technique, as determined by compari-
son to a kV X-ray with fiducial markers, is in the order of a few millimetres. The
relatively high sensitivity to differences in acoustic impedance allows for a high
contrast between tissues.

This method can provide markerless, high-contrast volumetric images in real
time while being cost-effective, well-tolerated and free from ionising irradiation.
On the other hand, a number of limitations hinder its application in most clinical
practices [43, 44]:

e Pressure applied to the transducer can deform the patient’s anatomy.

e The inter-modality matching and registration of the ultrasound and reference
frame of the linear accelerator introduce geometric uncertainties.

e A significant inter- and intra-user variability has been demonstrated for the
acquired images.

e The field of view is limited and electron density information is lacking.

e Image artefacts due to inhomogeneities in the speed of sound, multiple reflec-
tions and strong differences in echogeneity are common.

e Ultrasound waves hardly propagate through bone and air.

For these reasons, the field of application for ultrasound imaging in radiotherapy
is mainly limited to position verification of the prostate, either by transperineal or
transabdominal ultrasound [45]. Current research is directed at decreasing the user-
dependence, for example, by robotic probe holders and adhesive phased crys-
tal probes.

The most common commercial ultrasound systems used in radiotherapy are the
B-Mode Acquisition and Targeting (BAT) system (NOMOS Corp., Cranberry
Township, USA), the SonArray system (Varian, a Siemens Healthineers Company),
and the Clarity System (Elekta Instrument AB).

Overview

(+) markerless (non-invasive), high soft-tissue contrast, real-time information dur-
ing irradiation, no ionising radiation.

(—) no image information behind bones and air, small field of view, prone to arte-
facts and geometrical uncertainties, lack of electron density information.
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5.1 The Technology-Driven Evolution of Radiotherapy

Technological changes are deeply changing society, in general, and medicine, in
particular. Radiotherapy (RT) is a very technical branch of medicine. Consequently,
technological changes are having great impact on radiotherapy. New technologies
and new techniques, such as Intensity Modulated Radiation Therapy (IMRT) and
Volumetric Modulated Arc Therapy (VMAT), have allowed increasing the radiation
dose delivered to the tumour while reducing the absorbed dose delivered to healthy
tissues nearby, by significantly improving our ability to adapt dose delivery to the
target (i.e., conformality). An increase in absorbed dose to the tumour is, to a large
extent, related with an increase in tumour control probability. Any reduction of
absorbed dose to healthy tissues is related to a decrease in the probability of treat-
ment toxicity. As a result, technological changes have helped to increase the success
of radiation treatments, understood as the proportion of cancer cases that can be
cured with an acceptable level of toxicity. However, the more we shape the dose
distribution to the target volume the higher the risk is of missing a part of it.
Therefore, this success would have not been possible without the addition of imag-
ing systems to radiation treatment units. We can now ‘see’ more precisely where we
are pointing at with the radiation beams. Modern imaging systems allow delivering
of radiotherapy with an accuracy below 1 mm.

The aforementioned improved accuracy in treatment delivery has also allowed
performing ablative treatments. In this kind of treatments, high radiation doses are
delivered in one or a few fractions. For ablative treatments, such as Stereotactic
Ablative Body Radiotherapy (SABR), it is of paramount importance to minimize
the irradiation of healthy tissues. In this scenario, the absorbed dose falloff with
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distance has to be very steep and safety margins that are related to setup uncertain-
ties have to be minimized. It is also crucial to direct the radiation very accurately
and precisely towards the target.

All in all, modern radiotherapy is a world of interlaced new delivery techniques
and imaging systems. The increasing complexity of this world also requires inten-
sive quality assurance programs in a multidisciplinary approach. The present chap-
ter will describe the main aspects of each technique as they are implemented in the
clinical practice at present time, but before going through modern techniques it is
convenient to recall the radiotherapy workflow from prescription to delivery.

5.2  The Radiation Therapy Workflow

Radiation treatments are aimed at delivering the prescribed absorbed dose to a ‘tar-
get’. This absorbed dose must be high enough to produce the desired therapeutic
effect. The endpoint for curative treatments is most frequently tumour control.
However, for palliative treatments it is commonly relief of symptoms, such as pain,
neurological deficits, or bleeding. At the same time, the absorbed dose to healthy
tissues that are close to the ‘target’ has to be minimized in order to avoid treatment
toxicity. To achieve these goals, three main requirements can be identified. First,
imaging systems to acquire 3D information about the patient geometry and the
extent of the disease are required. Secondly, a systematic way of defining what the
‘target’ is, is needed. And thirdly, some software to design the treatment plan and to
calculate the absorbed dose distribution in the patient (known as treatment planning
system, or TPS) is required. Although these requirements might seem independent
of one another, the first one and the third one are not: computed tomography (CT)
scans are used as the primary imaging modality to calculate absorbed dose in a
patient, because CT images themselves give information on the absorption of energy
within the patient’s tissues. Consequently, CT scans not only provide morphological
information about the patient, but also give information on how radiation interacts
with the patient.

As a result, CT is required for radiation treatment planning. However, CT has
low soft-tissue contrast and lacks functional information. For this reason, other
imaging modalities are used to complement CT information when needed. For
instance, MRI overcomes the soft-tissue limitation of CT when soft-tissue contrast
is required, and it also offers complementary functional information (see “Use of
Anatomical and Functional MRI in Radiation Treatment Planning”). At present
time, however, the preferred source of imaging for functional information is PET
(see “Use of ['*F]FDG PET/CT for Target Volume Definition in Radiotherapy” and
“Specific PET Tracers for Solid Tumors and for Definition of the Biological Target
Volume”). Radiation oncologists combine the information provided by these three
main imaging modalities and define what the ‘target’ is for each patient.

The International Commission on Radiation Units and Measurements (ICRU)
standardized in reports 50 and 62 [1, 2] how the ‘target’ must be defined. These
documents specify that the radiation oncologist has to define several volumes



5 IMRT/VMAT-SABR m

integrating the information given by different imaging systems and the knowledge
about the tumour biology and tumour progression patterns. The main volumes
defined by ICRU are:

e The gross tumour volume (GTV): it is the gross demonstrable extent and loca-
tion of the malignant growth. It consists of primary tumour and possibly meta-
static lymphadenopathy or other metastases.

e The clinical target volume (CTV): it is a volume that contains the demonstrable
GTYV and/or subclinical malignant disease that must be eliminated. This volume
must be treated adequately in order to achieve the aim of radical therapy. The
CTV is a clinical-anatomical concept and can be described as including struc-
tures with clinically suspected but unproved involvement (called subclinical dis-
ease), in addition to known tumour.

e The planning target volume (PTV): it is a geometrical concept used for treatment
planning, and it is defined to select appropriate beam sizes and beam arrange-
ments, to ensure that the prescribed dose is actually delivered to the CTV. It is
designed as an expanded volume derived from the CTV that takes into account
that the patient geometry on a daily basis can differ from the set of images used
for treatment planning. Computation of dose distribution is done for a set of
images acquired at a specific point of time (a ‘snapshot’). However, when the
treatment is delivered, there are variations in positions, sizes, shapes, and orien-
tations of the tissues and the beams with respect to this snapshot. By treating the
PTV (the CTV plus some suitable margins), correct irradiation of the CTV is
guaranteed throughout the treatment. CTV-PTV margins are therefore related to
the degree of reproducibility that can be achieved for a given treatment and
patient. The next subsection will tackle this issue.

5.2.1 Immobilization: Dealing with Patient Position
Reproducibility in Radiotherapy

As radiation treatments are delivered fractionated and therefore repeated on differ-
ent days, it is of outmost importance to guarantee reproducibility of patient position
and anatomy between radiation treatment planning and each fraction delivery, as
well as during the treatment fraction, i.e. inter- and intra-fractional reproducibility.
Any change would compromise target coverage and increase radiation doses to
organs at risk.

Immobilization and positioning devices are the first step to guarantee reproduc-
ibility of patient geometry during the radiotherapy process (Fig. 5.1). The need for
reproducibility also applies from the moment when the different imaging modalities
(CT, MRI, PET) are used to acquire images for treatment planning until the last
treatment session. The kind of positioning/immobilization device that is used
depends on the treatment site. For head and neck tumours, head supports and indi-
vidualized thermoplastic masks covering the head to the shoulders are used. These
masks are made of a plastic material of polymeric composition that may incorporate
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Fig. 5.1 The top left panel shows a thermoplastic mask used for head and neck treatments. The
top right panel shows a head and arm support and a vacuum mattress. This mattress consists of a
bag filled with little porexpan spheres, which is sucked vacuum when the patient is lying on it.
Thus, the mattress turns rigid and keeps the patient’s shape. The left bottom panel shows a patient
lying on the treatment couch with several positioning and immobilization devices: a knees fixation,
an abdominal compression plate, an arm and head support, and a vacuum mattress

Kevlar fibre. When heated this material in a water bath it can be deformed, but once
cooled down it turns rigid. The deformation and cooling down processes are done
with the mask covering the patient’s head and neck, and fixed to the treatment table.
The mask thus acquires the shape of the head and neck region and restricts move-
ments inside it. Literature shows that movements within head and neck masks can
be limited to 3 mm [3]. Masks are produced with small holes perforated in the mate-
rial they are made of. The holes enable patients to breath.



5 IMRT/VMAT-SABR 13

There are more sophisticated systems to guarantee the reproducibility of patient
positioning, such as those based on surface scanning (Catalyst, Align RT). These
systems project structured light and by means of two cameras reconstruct the
patient’s actual surface, which is compared with the reference surface at the day of
image acquisition. In these systems, the user predefines the tolerances that should
apply to the positioning of the patient. The tighter the tolerance, the more accurate
the positioning is, but the longer it takes.

Nevertheless, for prostate or gynaecological treatments, thermoplastic masks or
surface scanning systems offer little improvement, as the position of the prostate or
the uterus is weakly correlated with the patient surface. In these cases, providing the
patient with some dietary and drinking instructions to guarantee a reproducible fill-
ing of rectum and bladder and placing a simple positioning device, such as a knee
support increases reproducibility. The reason for this is that the main movement is
not a movement of the patient but a movement of the prostate or uterus itself inside
the patient. Due to variable bladder and rectum filling, the prostate and uterus
change their position with respect to the pelvic bones. Their relative position can
even change during the treatment in a short-time scale. There are techniques that
allow interrupting the beam if the change in position exceeds certain thresholds and
resuming the irradiation when the problem is solved. For prostate cancer, the opti-
mal strategy is to implant some small radio-opaque markers, usually made of gold
or of PEEK with a steel core, inside the prostate (3 or more; also see “Artificial
Intelligence in Radiation Oncology: A Rapidly Evolving Picture”). Consequently,
for daily positioning, the radio-opaque markers, as seen on daily radiological images
acquired with the imaging systems of the linear accelerator, i.e., orthogonal X-ray
imaging or cone beam-computed tomography (CBCT), are made to match their
projected positions on the planning CT. Another possibility is to acquire a (CB)CT
scan prior to the treatment fraction and to match the prostate position of that particu-
lar day with its position on the planning CT. There are other approaches that do not
use radiological images, such as the Calypso® 4D localization system (today pro-
vided by Varian Medical Systems) [4]. The Calypso system uses some small radio-
frequency transponders (cylinders of 8 mm long and 2 mm diameter) that are
implanted in the prostate and thus act as antennas for a detector that tracks the
prostate position.

There are other treatment sites where the motion control strategy can be more
complicated, because the target position and shape is affected by respiratory motion.
This is the case for tumours of the lung, breast, oesophagus, mediastinum, liver, or
pancreas [5-7]. For these cases, some specific strategies have been developed and
will be discussed in Sect. 5.5.

5.2.2 Image Acquisition

The choice of the positioning and immobilization device depends on the treatment
site and on the required degree of accuracy. After immobilizing the patient, a
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coordinate system origin must be defined. This coordinate system will be common
both for image acquisition and for treatment delivery. The origin of this coordinate
system is indicated by alignment lasers. These lasers are attached to the walls of
the CT scan rooms that are dedicated to treatment planning image acquisition and
to the walls of the treatment units. After positioning the patient correctly on the
imaging unit, the projections of the lasers are transferred onto the patient’s skin
using tattoos or long-lasting ink or marked on the thermoplastic mask. These tat-
toos/marks will also be used for patient repositioning every day on the treatment
unit. For image acquisition, very small metallic markers (below 1 mm) are placed
attached onto these marks or tattoos to make them visible on the CT images that
are to be acquired. Image acquisition for treatment planning is then performed. If
MRI is used for treatment planning, other markers are used because metallic mark-
ers are not visible on MRI. The acquired imaging information must not be restricted
to the volume to be treated, since radiation fields often enter from distant regions.
Furthermore, complete organ information is also required to evaluate possible tox-
icities of the treatment. As a result, when acquiring information for a lung tumour,
for example, the entire thorax from the neck down to the abdomen has to be
scanned; and the field of view has to be wide enough to include the complete
patient contour.

5.2.3 Contouring, Margin Calculation and Dose Prescription

Once the planning CT has been acquired, the radiation oncologist will delineate the
volume(s) to be treated. To do so, spatial or functional information from other image
modalities may be needed. Therefore, all image modalities must have a common
coordinate system in the TPS in order to match them with the planning CT that will
be used for dose calculation. The process that leads all image modalities to be
referred to the reference coordinate system of the CT scan used for treatment plan-
ning is called registration. Once images are registered, the radiation oncologist
delineates the contour of the area with demonstrable malignancy (GTV) on each
slice of the planning CT scan, aided by the other image modalities and the clinical
information. Then, the CTV has to be created taking into account the GTV and all
areas with risk of subclinical malignancy. To delineate the CTV international guide-
lines must be followed. These guidelines specify how to proceed for each treatment
site, pathology and tumour stage.

As previously mentioned, the PTV is a geometrical concept that accounts for
uncertainties (delineation and also positioning). These uncertainties have to be esti-
mated and accounted for. The different kinds of uncertainty, that will be detailed
later in this section, have different relevance in the mathematical formulae that pro-
vides the value of the margins that should be added to the CTV to define the PTV
[8, 9]. The magnitude of the CTV to PTV margin also depends on the management
of patient positioning by means of image guidance during the treatment. In the fol-
lowing paragraphs, some detail is given about these concepts.
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Positioning uncertainties can occur systematically and randomly. Systematic
uncertainties are due to differences between image acquisition for treatment plan-
ning and treatment execution. Consequently, these uncertainties impact on the entire
course of treatment. They can stem from technical and mechanical differences in
some systems, for example, a positioning laser misalignment. They can be rooted in
some difference in the patient itself, for instance, weight loss between image acqui-
sition for treatment planning and treatment delivery. But they can also stem from the
patient’s different psychological status at the time of acquiring the treatment plan-
ning CT and at treatment sessions. Patients tend to be more nervous during image
acquisition for treatment planning than on routine daily treatment delivery, because
image acquisition is one of the first contacts with the radiation oncology depart-
ment. This translates in a different muscular tone and a slightly different geometry.
Systematic uncertainties introduce a particular systematic error for each patient,
which will be constant all through the treatment.

Random uncertainties, conversely, are unpredictable and change every single day.
They are introduced by patient positioning, by patient movements or are due to phys-
iological processes such as respiration, circulation, the degree of bladder filling, and
the presence of gas pockets in the rectum or peristalsis. About daily patient setup, it
must be considered that patients are not rigid solids. The process of alignment of skin
tattoos or markers against positioning lasers cannot be therefore carried out with
infinite accuracy. As a consequence, daily setup errors are always present.

Systematic uncertainties are the largest source of error and have also the largest
impact on treatments [8, 9]. Without a procedure to correct for systematic errors
margins from CTV to PTV should be increased. This would involve the irradiation
of more healthy tissue or organs at risk. One of the approaches used to remove the
systematic error is to monitor the patient position by imaging using the treatment
unit x-ray or CBCT capacities before the fraction delivery during a number of frac-
tions (usually from 3 to 5). The shifts that have to be applied to the patient for cor-
rect positioning during the first treatment sessions are recorded and are used as a
statistical sample and their average is calculated. For subsequent treatment sessions
the average shift is applied, and systematic errors are almost removed. After this
correction, weekly monitoring can be followed to keep track of any anatomical
changes produced during the treatment. With this approach, only random errors and
residual systematic errors, which are of small magnitude, have to be included in the
formula for margin calculation, leading to smaller margins. The values to be
included in the formula for margin calculation in this case can be obtained from a
series of patients for each treatment site. The evaluation of these margins has to be
performed at each department as its value depends on the procedures for patient
positioning.

Random errors can also be corrected, but only with daily imaging. This alterna-
tive reduces further the margins but translates into extra radiation dose to the patient
due to imaging that may be non-negligible if x-ray-based equipment is used. At
present time there are recommendations on this issue [10]. However, random errors
are of less importance and have less impact on normo-fractionated treatments (i.e.
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2 Gy per fraction) made up of many treatment fractions (i.e. typically 30-35 in
curatively intended treatments). Depending on the accuracy requirements of a spe-
cific treatment, either only the systematic errors or both, systematic and random
errors, are corrected for.

Beyond state-of-the-art, LINACs equipped with low- or high-field MRI do not
have the problem of the additional absorbed dose to the patient due to imaging.
MR-LINACS offer additional advantages over those LINACs equipped with X-ray-
based imaging because of their exceptional soft-tissue contrast (see “Magnetic
Resonance-guided Adaptive Radiotherapy: Technical Concepts”). These LINACs
can therefore facilitate daily imaging, random error correction and consequent mar-
gin reduction without additional radiation dose to the patient.

In addition to ‘target’ volumes (GTV, CTV and PTV), the contours of all organs
at risk (OARs) in the vicinity of the PTV have to be delineated on each CT slice.
OAR contouring is commonly done by radiation therapists. Radiation oncologists
supervise and approve these contours later. TPSs reconstruct all volumes (GTYV,
CTYV, PTV and OARSs) from contours delineated on individual CT slices.

Once completed the contouring process, the radiation oncologist prescribes the
radiation treatment. Treatment prescription includes: treatment site, the values of
total dose and dose per fraction that have to be delivered to each PTV, the total num-
ber of fractions, the fractions per day, and the dose-volume constraints for OARs
that should be respected in order to prevent toxicity. These dose-volume constraints
are commonly expressed as maximum doses to the OARs or the maximum percent-
age volumes of each OAR that can receive certain dose levels. Several dose-volume
constraints are usually specified for each OAR.

5.2.4 Treatment Planning

Treatment planning is the process that follows contouring in the RT workflow.
During treatment planning, the treatment technique and beam energies are selected,
and the number of beams, field sizes and gantry, collimator and couch angles are
determined, in order to adequately irradiate the PTV. Treatment planning is carried
out by different professionals depending on the country. In some countries, medical
physicists are responsible for designing the treatment plan. However, in other coun-
tries radiation technologists are in charge of making treatment plans and medical
physicists supervise and approve them afterwards. The final responsibility of the
treatment plan, though, lies with the radiation oncologist, that at the end of the pro-
cess approves the whole treatment.

Treatment planning is an iterative process. At the end of each iteration, the user
ends up by calculating the absorbed dose distribution in the patient and comparing
the resulting dose-volume parameters with the pre-set dose-volume constraints.
Then, the next iteration is started to further improve the treatment plan whenever
possible. There are two approaches to carry out each iteration in treatment plan-
ning: forward planning and inverse planning. In the ‘forward’ approach the user
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‘guesses’ what arrangement of beams and beam options and parameters would
lead to good absorbed distribution and then choose these options. Then, the
absorbed dose distribution and the dose-volume parameters are calculated. The
‘inverse’ approach goes the other way round. The planner chooses some values for
the dose-volume parameters and the TPS through an automatic iterative process
will find the optimal beam arrangements to achieve the dose-volume parameters
proposed by the planner. Then, the absorbed dose distribution and the final dose-
volume parameters are calculated. These concepts will be tackled with greater
detail in the next sections, which deal with the various planning and delivery
techniques.

5.2.5 Treatment Delivery

Once the treatment plan is approved by the radiation oncologist, the treatment is
ready for delivery. The patient will be positioned in the treatment unit reproducing
the position on the day where the planning CT was taken. Positioning and patient
anatomy will be checked by in-room imaging. Adjustments in positioning will be
made if necessary. Then, the treatment will be delivered according to the radiation
beam arrangements as defined by the treatment plan.

A schema summarizing the patient workflow from the first consultation in the
radiation therapy department to treatment delivery is shown in Fig. 5.2. This com-
plex process involves different professionals (radiation oncologists, medical physi-
cists, radiation technologists, nurses) that have to work as a team in order to deliver
safe and up to quality standards radiotherapy.

5.3 Radiotherapy Techniques

Once the radiation oncologists have prescribed the treatment and defined the target
volumes and organs at risk on the planning images, there are several available radio-
therapy techniques. Choosing one or the other will depend on available equipment
and personnel, on the demands for dose conformation to the PTV and the con-
straints to the OARs and on the delivery accuracy demands, amongst other factors.
On this section, all these techniques will be described.

TREATMENT PREPARATION TREATMENT ADMINISTRATION

Patient Imaging Volume _
Treatment preparation for delineation Patle_r?t Pgﬁien_t In room
indication and treatment and S_p_ecuf_m positioning BRI Treatment
immobilization planning prescription verifications

Fig. 5.2 Schematic overview of the various steps that make up the radiation therapy workflow.
These steps can be categorized into two main groups: treatment preparation and treatment
administration
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5.3.1 Conventional Radiotherapy: Three-Dimensional
Conformal RT

When a specific radiation dose value is prescribed to a PTV, the whole PTV is
intended to receive a homogeneous absorbed dose. The dose at any point within the
PTV should be equal to the prescribed dose plus or minus some tight tolerance val-
ues (—5% to +7% following ICRU recommendations [1, 2]). Keeping this in mind,
medical linear accelerators (LINACs) have traditionally been designed, such that
photon radiation beams that emerge from them are mostly of uniform fluence. This
means that for a given photon beam it has the same number of photons per unit area
all across the beam. When a PTV is irradiated by a uniform beam, and the beam axis
is perpendicular to the body entrance surface, the absorbed dose distribution inside
the PTV is flat in a plane parallel to the entrance surface. However, the absorbed
dose decreases in depth because for each parallel plane the photons that interacted
in a previous plane were removed from the beam. If an additional radiation beam
coming from the opposite side of the PTV is added, the aforementioned absorbed
dose decrease in depth can be somewhat compensated by the photons coming from
the opposed field.

In general, an isotropous arrangement of several photon beams directed to the
PTV with equal space between them leads to homogeneous irradiation of the
PTV. In order to minimize the irradiation of healthy tissues within the body, each
beam is shaped to fit the outline of the PTV from the point of view of the beam
(Beam’s Eye View, or BEV). This conformation is achieved by means of the multi-
leaf collimator (MLC). Additionally, to avoid damage of healthy OARs close to the
target, beam entries (beam portals) are chosen such that they do not traverse OARs.
When this is not possible, the number of beams that crosses a given OAR and the
intensities of those beams are adjusted so that the absorbed dose at that OAR is
below the threshold that would cause toxicity (tolerance dose). This treatment strat-
egy is known as 3D Conformal Radiotherapy (3DCRT).

For 3DCRT only a further consideration has to be taken into account: there are
three situations that could result in a non-homogeneous absorbed dose within the
PTV. First, when the incidence of a radiation beam and the body surface are not
perpendicular. Second, when there are heterogeneities within the body, such as
bones or air cavities, which can attenuate a part of the beam more (or less) than the
rest of it. Third, when the radiation beam arrangement that would lead to OAR
doses below tolerance values has not equally spaced beams. In these cases, that are
most common, to guarantee dose homogeneity within the target volume non-
uniform radiation beams are required. For 3DCRT techniques, the traditional beam
modifiers are wedge filters. Wedge filters are metal filters with the shape of a wedge
that are placed between the LINAC and the patient. Due to the varying thickness of
the wedges, these filters attenuate the beam more on one side (thick side of wedge)
than on the opposite side (thin part of wedge), leading to a beam with a dose gradi-
ent in one direction but uniform in the perpendicular direction. The same effect can
also be obtained by moving one of the LINAC collimators while a beam is on,
which is called dynamic wedge. 3DCRT is a forward planning technique; and it was
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the technique of choice till two decades ago. 3DCRT is still used for some treatment
indications, such as tangential fields for breast early stage cancer or for irradiation
of symptomatic bone metastasis.

5.3.2 From Convex to Concave: The Need for Modulations

The result of 3DCRT is that the intersection of all radiation beams defines a convex
volume that encompasses the PTV. Within this convex volume, a high and uniform
dose is delivered. This poses a major problem: what happens when an OAR is par-
tially surrounded by the target, and it is included within this convex volume? The
answer is that this OAR will be irradiated up to a dose that in some cases could lead
to severe or even fatal toxicity. To avoid excessive toxicity in an OAR, the radiation
oncologist is sometimes forced to lower the prescribed dose to the PTV so that the
constraints to the involved OARs are fulfilled, and thus below the dose that would
most likely lead to tumour control and patient cure. To avoid such a situation, a
technique resulting in concave dose distributions or, in general, in dose distributions
of any shape is required. This necessity is the reason why intensity-modulated radia-
tion therapy, IMRT, was developed. The urgent need of IMRT caused its very fast
widespread in the beginning of this century. Figure 5.3 compares dose distributions
planned by means of 3DCRT against those planned with IMRT or VMAT.

Fig. 5.3 Calculated dose distributions for a prostate treatment plan (upper panels) and for a head
and neck treatment plan (lower panels). 3DCRT distributions are shown on the left panels and
VMAT/IMRT dose distributions are shown on the right panels. The dose level of 95% of the pre-
scribed dose is shown in colour overlying the CT scan image. The three concentric contours shown
on each image correspond to GTV, CTV and PTYV, going from the inner contour to the outer con-
tour. The main organs at risk at the level of these CT slices are also shown as contours. For the
prostate plan, the rectum is shown in green. For the head and neck plan, the spinal cord is shown
in yellow. The right panels clearly show that the concavity generated in the dose distribution by
IMRT spares better the rectum (upper panel) and the spinal cord (lower panel) than the correspond-
ing 3DCRT distributions on the left panels
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5.3.3 Modulated Techniques: IMRT and VMAT

The advent of computerized multileaf collimator (MLC) systems triggered the
development of IMRT [11]. MLCs were initially designed to give shape to the radia-
tion beam. They are composed of leaves that are made of high-density metal materi-
als, such as tungsten. They are a few millimetres wide but several centimetres long,
and thick in the direction of the photons that come from the LINAC source. As a
result, they block out more than 99% of the photons that impinge on them. Each
individual leaf is computer-controlled and, if the leaves move while the beam is
irradiating, a beam with non-uniform fluence is produced. This technique is called
sliding windows. Another way of generating non-uniform fluences for a treatment
field consists of adding up several subfields with different MLC shapes, and deliver-
ing sequentially each subfield. This technique is named step-and-shoot. Potentially,
one could deliver any arbitrary desired fluence by predefining how the leaves should
move during the irradiation, for sliding windows, or with a sufficient number of
subfields, for step-and-shoot. In reality, mechanical restrictions concerning the
maximum possible leaf speed and acceleration limit the possibility of delivering any
arbitrary fluence for the sliding windows technique, and the number of subfields
cannot be infinite for the step-and-shoot technique. As a result, fluences that would
be optimal for a specific case can differ from those that can actually be accurately
delivered. Furthermore, dose calculation accuracy can be jeopardized for very com-
plex deliveries. These limitations make a quality control program for individual
patient treatment plans necessary. Patient-specific pre-treatment verifications test
whether dose distributions that were calculated can be delivered within some maxi-
mum tolerance deviations detailed in various international guidelines [12].

In IMRT, several photon beams are planned with fixed LINAC gantry angles, e.g.
7 gantry angles in head and neck tumours. For each gantry angle, the fluence of the
beam is modulated. Literature shows that more than nine modulated beams offer little
improvement in the final dose distribution [13]. Modulation can be performed in a
forward manner (forward planning). In this strategy, one has to ‘guess’ how fluences
should be in order to get the desired final dose distribution. Conventional forward plan-
ning mostly depends on geometric relationship between the tumour and nearby sensi-
tive structures. Usually, institutions using this approach create what are called ‘class
solutions’, which can, with minor changes, be applied for typical treatment sites and
typical PTV shapes [11]. However, at present time most IMRT treatments are designed
in an inverse manner (inverse planning). In this strategy, the input for the software are
the absorbed doses that should be delivered to PTVs, and the OAR dose-volume con-
straints to avoid toxicities. In most inverse planning IMRT optimizing software, PTV
doses and OAR dose-volume constraints can be prioritized relatively to one another to
guide the software towards the desired dose distribution. When the optimization pro-
cess is completed, the final dose distribution is calculated. As explained in Sect. 5.2.4,
then, the user must compare the resulting dose-volume parameters with the dose-vol-
ume constraints for the OARs, and the compliance of the dose calculated for the PTV
with the homogeneity requirements of the ICRU criteria. In case of failure, the values
that served as input for the optimizer have to be changed, and the process is restarted.
Thus, the optimal final dose distribution is achieved by an iterative process.
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In VMAT, the irradiation of the PTV is carried out during the movement of the
LINAC gantry following an arc. This arc can be one or more complete rotation(s)
(360°) or a partial arc, to minimize the irradiation of particular OARs or to avoid a
collision of the gantry with the treatment couch, the patient or the immobilization
devices. In this technique, the MLC leaves are continuously moving during the gan-
try rotation (with varying speed) defining a different pattern at each gantry angle.
However, there is no movement of the leaves at each specific gantry position.
Therefore, strictly speaking, in VMAT there is no real modulation of the beam.
Since the treatment is delivered with such a large number of beams (up to 178),
though, this compensates for the lack of modulation at each individual angle. There
is a continuity restriction on the shape that the MLC can define between two con-
tiguous gantry angles: if the MLC leaves define a given shape at one gantry angle
and they had to define an arbitrary and very different shape at the following gantry
angle, the required leaf speed and acceleration could exceed the maximum possible
leaf speed and the acceleration limit of the leaves. As these limits are real physical
limits, there is a restriction on the maximum change of the leaves between two con-
tiguous gantry angles. This restriction is similar to that posed in IMRT by the maxi-
mum speed by which the leaves can travel. As opposed to IMRT, VMAT treatment
planning is always performed in an inverse manner, and the inverse planning opti-
mization procedure is the same. As a matter of fact, most software uses a single user
interface for both techniques at present time.

The main advantage of VMAT over IMRT is efficiency. The results of dose dis-
tributions for both techniques are comparable, although treatment delivery is faster
with VMAT than with IMRT. The reduction in delivery times is the key factor that
sparked the very fast change from IMRT to VMAT in most departments all over the
world. Some studies showed improvement in VMAT dose distributions compared to
those obtained for IMRT for various treatment sites [14-21]. There are even theo-
retical studies that showed that VM AT might be superior to IMRT [22, 23]. However,
one factor that most influences the quality of a treatment plan is the expertise of the
planner [24, 25]. The question of whether the dose distribution can be further
improved once the PTV goals and the OAR dose constraints are met has a simple
answer: again it depends on the expertise of the individual that is performing the
treatment plan calculation, and on the workload of the department. To eliminate
these dependences, automatic solutions with minimum human interaction are today
being developed, and starting to be commercialized and routinely used.

Dose distributions resulting from modulated techniques (IMRT and VMAT)
show two main differences compared to those resulting from 3DCRT. First, the
prescribed dose level more conformally encompasses the PTV shape (increased
conformality). Second, low dose levels are more spread out all around the patient
body for IMRT and VMAT than for 3DCRT. This last effect is sometimes called the
‘dose-bath’. Since mainly high doses are expected to be related to toxicity, modu-
lated techniques are believed to decrease toxicity compared to 3DCRT. However,
low dose-baths are related to an increased probability of radiation-induced second-
ary malignancies [26, 27]. Consequently, they should be avoided in children and in
patients with a long life expectancy, e.g. early breast cancer in young patients,
because they are more radio-sensitive and have a longer life expectancy. Therefore,
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an individualized analysis of the technique of choice is required before the treat-
ment planning process is initiated.

In current clinical radiotherapy practice, different doses are prescribed at differ-
ent volumes that have to be irradiated depending on the tumour cells’ radiosensitiv-
ity and/or the probability of tumour spread in those volumes. To achieve this goal in
3DCRT, a sequential approach has been traditionally followed. First, a treatment
plan was prepared to irradiate all volumes during some days until the lowest pre-
scribed dose was delivered to all volumes. Then, a second treatment plan (‘boost”)
was prepared to irradiate a smaller volume corresponding to the following pre-
scribed dose level. And so on. This strategy poses the problem that during irradia-
tion of each boost dose level we are re-irradiating volumes that had already been
irradiated. Therefore, low and medium doses increase in some regions. In modu-
lated techniques, however, fluence modulation enables the delivery of different
absorbed doses at different volumes during the delivery of a single treatment plan.
Consequently, in a given number of fractions, we can deliver simultaneously a dif-
ferent total dose to different volumes. In short, IMRT and VMAT allow delivering
what are called ‘simultaneous integrated boosts’ (SIB) with optimal dose
distributions in tumour surrounding tissues. Figure 5.4 shows an example of SIB in
a head and neck treatment.

Fig. 5.4 Example of SIB in a head and neck treatment planned with VMAT. Various PTVs are
irradiated simultaneously. A low-risk PTV shown in red contour was prescribed 56 Gy, a medium-
risk PTV shown in pink contour was prescribed 63 Gy and two high-risk PTVs shown with orange
contour were prescribed 70 Gy. Isodose levels are overlaid in colour wash. The bluish colour cor-
responds to 95% of the prescription dose of the low-risk PTV. The greenish colour corresponds to
95% of the medium-risk PTV, and the orange colour corresponds to the prescription dose of the
high-risk PTV. The right parotid gland and the spinal canal are shown in white and cyan contours,
respectively
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As previously mentioned, high dose levels for IMRT and VMAT techniques fit
PTVs very tightly while sparing OARs. This sparing enables dose escalation in the
PTV with acceptable toxicity rates. And dose escalation means higher tumour con-
trol for some pathologies. As a result, modulated techniques could potentially
achieve higher tumour control rates. Moreover, they also enable focal therapy for
some treatments (still in experimental set at present time) [28]. As an example, in
radiotherapy for prostate, the target is usually the whole prostate. By means of MRI
or PET, the dominant intraprostatic lesion can be determined and by using modu-
lated techniques, the dose to this focus can be increased up to four times compared
to the whole prostate prescription dose, while keeping the dose at OAR the same.
This strategy could potentially open the therapeutic window of radiotherapy.

5.3.3.1 The Need for Image Guidance and Motion Control
in Modulated Techniques

For IMRT and VMAT, the tight conformation of the line of prescription dose to the
shape of the PTV poses a challenge compared to 3DCRT: geometrical inaccuracies
due to patient mal-positioning, organ motion during irradiation, and mechanical
machine inaccuracies may lead to geographical target misses. Inaccuracies must
therefore be minimized, controlled and accounted for, or even be removed. In addi-
tion, if we want to take maximum advantage of the conformation possibilities of
modulated techniques, we should reduce CTV to PTV margins. For example, in the
treatment of a head and neck tumour close to the parotid glands, large margins
would make it impossible to sufficiently reduce the radiation dose in these glands to
prevent xerostomia from occurring. Usually, a margin of 5-10 mm is used, depend-
ing on the anatomical region and immobilization tools in place [3]. To safely reduce
safety margins, patient anatomy and positioning has to be guaranteed with a high
level of reproducibility, and a strict procedure has to be followed using image
guidance.

5.3.4 Stereotactic Ablative Body Radiotherapy

Delivery of conventional radiotherapy, regardless of technique, e.g. 3DCRT, IMRT
or VMAT, is performed following fractionated schedules. This means that the frac-
tion dose to the tumour is restricted to 1.8-2.0 Gy and that treatment is delivered
5 days per week. Normal cells can usually repair the damage caused by radiation
better than tumour cells. Fractionated radiotherapy, therefore, allows normal tissues
to recover between fractions to a greater extent than tumour cells. Fractionation thus
enhances the therapeutic window for radiation therapy. However, if radiation ther-
apy is focused only to the tumour and the PTV does not contain any significant
volume of healthy tissues, fractionated radiotherapy could be of limited interest.

It is within this frame that stereotactic ablative body radiotherapy (SABR) was
developed. SABR is also named ‘stereotactic body radiation therapy’ (SBRT) in
literature. The goal of this technique is to ablate the tumour by delivering a single or
a few fraction(s) of high-dose radiotherapy. Usually, the number of scheduled frac-
tions is less than five, although some schemes allow up to eight fractions when there
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is risk of severe toxicity for specific OARs. Even if the prescribed dose per fraction
is much higher than that of standard radiation treatments, the total prescribed dose
may be approximately the same value or even lower since the treatment consists of
fewer fractions. Having said that, since the physical radiation dose per fraction is
between 5 and 24 Gy and therefore we don’t let the cells to repair sublethal damage,
the biological total dose achieved with SABR is by far higher than with conven-
tional RT. Examples of SABR schedules for early stage lung cancer include: a sin-
gle fraction of 30 Gy, 3 fractions of 15-20 Gy per fraction, 5 fractions of 10-12 Gy,
or 8 fractions of 7.5 Gy per fraction [29-35]. In fact, several clinical studies on
SABR for lung tumours reported on excellent local control rates of approximately
85-95% [30, 36, 37], which is much larger than the 55% 2-year disease-free sur-
vival obtained with conventional schemes [38]. Local control of lung SABR is
therefore similar to that achieved by surgery, whereas the toxicity of SABR is much
lower [29, 39]. Unfortunately, randomised clinical studies comparing SABR to sur-
gery in early-stage non-small cell lung cancer have repeatedly failed due to slow
and insufficient patient accrual [40].

At present time, lung SABR treatments are indicated in clinical guidelines for
early-stage non-small cell lung cancer for unfit patients or those that refuse surgery,
and for patients with oligometastatic disease that have a contra-indication for
surgery.

As pointed out in the introduction, in SABR the dose falloff around the PTV
must be very steep. The reason for this is that the absorbed dose outside the PTV
ought to be low in order to not lead to ablative effect outside the target volume.
Dosimetric criteria are somewhat different for SABR compared to 3DCRT. The
treatment is aimed at delivering a dose equal to or greater than the prescribed dose
to any point of the PTV, or at least to 95% of the points of the PTV volume [29], and
with maximum dose gradient outside. For SABR, dose homogeneity inside the PTV
is not the priority. The ICRU recommendation that the dose values in the PTV
should be confined between 95% and 107% of the prescribed dose mentioned in
Sect. 5.3.1 is not in use for SABR, since some clinicians prefer a high dose in the
middle of the target and most clinical experience was obtained with this kind of
inhomogeneous dose distributions [41].

SABR treatments can be planned using 3DCRT, IMRT or VMAT techniques.
Dose distributions are quite similar for all techniques, although they tend to be more
homogeneous inside the PTV for IMRT and VMAT than for 3DCRT. As for other
radiation treatment planning, in case of close contact between a tumour and an
OAR, a modulated technique (IMRT or VMAT) may be required to spare the
OAR. In order to achieve maximum dose gradient around the PTV, ideally non-
coplanar fields or arcs have to be planned. However, the risk of collision of the
LINAC gantry with the treatment couch sometimes limits possible beam incidences.
It is important to mention here that ring-based linacs, such as tomotherapy or MRI-
linacs, can only deliver co-planar beams.

When treating lung lesions, PTVs are heterogeneous because they include not
only the lesion but also a volume of lung tissue, both consisting of different tissue
densities. As a consequence of this heterogeneity, the maximum dose gradients for
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lung SABR treatments with 3DCRT are achieved close to isodose values of 60-80%
of the dose maximum. Consequently, prescribing the dose to the isodose that covers
the PTV, i.e. 60-80% leads to maximum doses inside the PTV of approximately
120-140% of the prescription dose. The use of IMRT and VMAT, as mentioned
before, increases dose homogeneity inside the PTV with maximum values rarely
exceeding 120% of the prescribed dose. For these techniques, it is important to
include objectives in the inverse optimization process that lead to dose gradients
outside the tumour as steep as possible. A prerequisite to achieve steep dose falloffs,
regardless of the planning technique, is that the PTV is smaller than 5 cm in the
maximum dimension. Dose distributions that result from irradiating larger volumes,
i.e. 5 cm, usually do not meet the requirements of dose falloff for SABR treatments.

SABR treatments are not only performed for lung metastases. Metastases in
lymph nodes, liver, brain, pancreas, adrenal glands and bones can be treated with a
similar approach. There is a main difference for these other sites compared to lung:
the tissue densities are more homogeneous, resulting in dose distributions to be
more homogeneous and in maximum radiation doses of approximately 110%.
Obviously, also the fractionation schemes differ for each treated site. Typical SABR
treatment plans for lung and brain metastases are shown in Figs. 5.5 and 5.6.

It must be kept in mind that breathing motion affects most sites where SBRT
treatments are delivered (lung, liver, pancreas and other abdominal sites). In a sce-
nario of margin reduction and ablative treatments, breathing monitoring, motion
management and on-line daily imaging are required.

When the respiratory movement has to be taken into account, the most common
image guidance workflow for SABR treatments is based on CBCT and fluoroscopy.
CBCT is acquired with equipment mounted on the linear accelerator head and
resembles a slow CT scan that integrates several breathing cycles. Tumours with
large movement show a smoothed periphery on the CBCT. On the one hand, CBCT
gives a true time-averaged image of the tumour position and is therefore suitable for
overall image matching of moving tumours. On the other hand, fluoroscopy gives a
time-resolved high-resolution image of the tumour during its trajectory for given
projections. Fluoroscopy therefore allows assessing the tumour position at a par-
ticular point of the breathing cycle on a daily basis. When fluoroscopy is combined
with a gating system, tumour motion can be monitored and irradiation is only
allowed when the tumour is inside the PTV. The most recent linear accelerators
allow acquiring 4D CBCT studies. These can therefore substitute fluoroscopy or
allow for other strategies, such as image registration and gating based on a specific
breathing phase.

In cases, in which the tumour is not visible in X-ray images, such as pancreas or
liver, some kind of surrogate for tumour position and tumour movement is required.
Implanted markers close to the tumour are commonly used for image guidance for
the pancreas and for the liver. These are dealt with in “Artificial Intelligence in
Radiation Oncology: A Rapidly Evolving Picture”.

When dealing with breathing motion management it is important that the overall
treatment time be reasonably short. Treatments performed in times longer than
about 30 min result in significant intra-fraction patient motion and larger
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Fig. 5.6 SABR treatment of two brain metastases planned and calculated using VMAT. The left
panel shows the internal geometry of the patient. The eyes are shown in yellow, the lenses in pink,
the brainstem in brown and the spinal cord in cyan. PTVs are highlighted in red. The trajectories
of the four planned arcs are shown in red around the patient’s head. One complete arc and three
partial arcs with treatment couch rotation (non-coplanar arcs) were planned. The right panel shows
an axial slice of the MR scan with 50% (blue), 70% (magenta), 90% (yellow) and 100% (red)
isodose lines. Percentages refer to the prescription dose. The same isodose lines are shown in the
left panel as contours around both metastases

positioning uncertainties [42]. The time to be minimized includes setup, immobili-
zation, image guidance, beam-on time and intra-fraction downtime. The staff must
therefore be well-trained to perform all actions effectively and efficiently to reduce
all these times. Nonetheless, there is also a technical development that helps to sig-
nificantly reduce the beam-on time for SABR treatments. Modern LINACs can be
purchased with beams where the so-called “flattening filter”” is not used. The flatten-
ing filter is a metal filter with conical shape that is traditionally placed inside the
LINAC head behind the target. Electron beams accelerated by the LINAC that
impinge on the target produce photon beams that are more intense on the beam axis
than at the periphery. The flattening filter is then used to obtain photon beams with
a flat fluence. However, the photons that are removed by the flattening filter decrease
the photon beam fluence around the central axis. If the flattening filter is removed,
the dose rate of the LINAC is therefore increased. An increase in dose rate leads to
a decrease in beam-on time for a given dose. For modulated beams, primary beams
(before the MLC) with flat fluence are not required because the movement of the
MLC leaves creates the final modulated photon fluence. Consequently, removal of
the flattening filter is possible for IMRT and VMAT treatments [43]. For SABR
treatments, where large doses per fraction are delivered, flattening filter-free (FFF)
beams are recommended as they reduce beam on times and inhomogeneity is not an
issue for such small beams.

For SABR treatments of the brain or bone metastases intra-fraction motion man-
agement is not an issue and set up uncertainties can be minimized by specific immo-
bilization masks that offer a higher degree of fixation than ordinary immobilization
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masks. Patient positioning is guided only by means of CBCT. Immediately after
assessing the position of the patient and properly correcting it, if needed, the treat-
ment is delivered.

5.4 Considerations on Dose Calculations for IMRT, VMAT
and SABR Treatment Planning

Treatment plans for IMRT and VMAT may result in MLC patterns where most of
the beam is blocked by the MLC and only a small part of it is of use for the irradia-
tion of the PTV. The result is that the tumour is irradiated by small beamlets. Small
radiation fields are also used for SABR, that is meant for treatment of small tumours.

Dose calculation uncertainty can be large for all those small radiation beams for
many dose calculation algorithms. This large uncertainty has two main sources.

The first source is the beam model configured in those software used to calculate
absorbed dose distributions. The beam model is initially configured with measure-
ments made on the treatment beams after installation of the treatment unit and
before starting to treat patients. Standard detectors might be too large to correctly
describe small fields. And some detectors are even too large to characterize any
radiation fields with enough spatial resolution. As a result, dose calculations for
small fields might be inaccurate [44—46]. For small dynamic beams, it is also impor-
tant to have an accurate multileaf collimator (MLC) model that should be config-
ured by means of dedicated equipment and specific dosimetry codes of practice.

The second source is inherent dose calculation algorithms themselves. There are
algorithms that rely on charge-particle equilibrium inside radiation fields, but for
very small fields there is no charge-particle equilibrium anywhere within the beam.
This issue gains special relevance for low-density media, such as the lung, because
secondary electrons travel further and they are produced in less quantity in low-
density media compared to other human tissues. Some calculation algorithms per-
form better than others under these circumstances. For dose calculation of lung
SABR treatments, the most advanced calculation algorithms should be used [21].
These algorithms are based on the Monte Carlo method or on the Boltzmann trans-
port equation. The minimum requirement for an algorithm to be used on lung SABR
calculations is that it takes into account lateral electron transport. The collapsed
cone algorithm, and the anisotropic analytical algorithm (AAA) to a lesser extent,
fit into this category. However, simpler algorithms such as pencil beam are unable
to calculate reliable dose distributions for small lung tumours and should not be
used for lung SABR treatment planning [21]. Indeed, there are even clinical studies
that showed that local control for SABR depended on the dose calculation algorithm
that was used [47].

Not only because of the dose calculation, but also due to the complexity of the
delivery itself for IMRT, VMAT and SBRT, it is common practice to verify every
treatment before starting the treatment. Pre-treatment verifications are usually per-
formed by means of 2D detectors that can be flat or with a cylindrical surface. 2D
dose measurements can be analysed in two ways. First, dose distributions measured



5 IMRT/VMAT-SABR 129

with 2D detectors can be compared against expected 2D dose distributions that
result from the treatment plan at the level of the detectors. Second, 3D dose distribu-
tions reconstructed from 2D measurements by means of specific software can be
compared against the treatment plan 3D dose distribution [48].

5.5 Dealing with Organ Motion in Radiotherapy

It is commonly accepted that organ movement should be accounted for and man-
aged when its range is larger than 5 mm [7].

Depending on the timescale there are two types of organ movements in radio-
therapy: interfraction and intrafraction [5]. Interfraction movements are due to dif-
ferent positions of the organs at different treatment sessions. Good positioning and
immobilization with clear instructions and pictures obtained during image acquisi-
tion for treatment planning is the first step to manage interfraction movement. To
further minimize interfraction organ position for some treatment sites, it is conve-
nient to provide the patient with preparation guidelines on diet and drinking as
mentioned in the previous section so as the internal geometry be reproducible along
the treatment. Intrafraction movements are those happening during a treatment ses-
sion. They can be transitory or periodical. Transitory movements are mostly unpre-
dictable. An example of transitory movement is prostate movement due to the transit
of a gas pocket through the rectum. Another example could be rectum or bladder
filling. Periodical movements have two origins: respiration and heart beating.
Respiration has larger range and impact than cardiac movements and is usually
accounted for. Cardiac movement is commonly neglected.

There are five main systems to monitor breathing motion [49]. The first is to
monitor the flow of air that is inhaled and exhaled by the patient by means of a spi-
rometer. The second is to monitor the pressure of the abdomen of the patient against
a belt. The third is to monitor the position of the thorax or the abdomen with the aid
of a marker block that is detected by a camera mounted on the wall, the ceiling or
the treatment table. Some studies show the degree of correlation between internal
organ movement and the external marker block movement [50, 51]. The fourth is
based on the detection of the position of the patient surface itself by means of a
surface scanner system mounted on the ceiling. The fifth is to detect some metallic
markers implanted inside the tumour with fluoroscopy. This last method supposes
extra radiation dose to the patient. To minimize this dose a hybrid system has also
been developed. This system uses x-ray images and external reflectors placed on the
patient’s surface. At the beginning of the procedure, a correlation model is built
between the internal markers’ movement and the external reflectors” movement.
This model is checked at regular intervals with x-rays, but most of the time the
motion is monitored with the skin reflectors.

There are several strategies to account for organ movement due to respiration in
radiotherapy [7]. The less demanding strategy is just to take the movement into
account being the patient’s respiration in free breathing. Modern multi-slice CTs
allows acquiring data for each point of the patient during a whole breathing cycle.
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Afterwards, they reconstruct data at predefined phases of the breathing cycle, for
instance, at maximum inspiration, maximum expiration and some phases in
between. It is common practice to reconstruct a total of 610 respiratory phases. As
a result, the user has several 3D CT studies that change with time. The result is
called a ‘“4DCT’ study, and they can even be visualized as a 3D study in motion. One
can delineate the tumour on each phase CT study and create the envelope of the
tumour for all phases. The resulting structure is called the internal target volume
(ITV). If the PTV is created from the ITV, and we irradiate the whole PTV, we will
be irradiating the tumour all along its trajectory. This is a simple strategy but it has
a main drawback: the PTV may include a large amount of healthy tissue. A prereq-
uisite for this strategy is that the breathing is stable. Otherwise, the tumour might
lay outside the ITV on respiratory cycles that differ from that when we acquired
images. Breathing monitoring should therefore also be performed during treatment
to guarantee that the motion during treatment delivery be consistent with that
recorded during image acquisition.

The second strategy is to limit the movement and to create an [TV with a reduced
movement range. Abdominal compression by means of a compression plate or a
compression belt has shown a reduction in organ motion below 7 and 8 mm [7, 52].
4DCT is also used for image acquisition. This strategy can be applied to all patients
and is well tolerated. However, the tolerable level of compression and therefore the
level of movement reduction depend on the patient.

The third strategy, named ‘gating’, is the synchronization of radiation delivery
with organ motion. Treatment is only delivered when the respiration is around at
specific phase of the breathing cycle (phase gating) or around a specific position
(amplitude gating). The two points of choice for gated treatments are those that are
inflexion points of the movement, because the tumour position is almost steady:
maximum inspiration and maximum expiration. Maximum expiration is the most
stable phase because lungs are emptied very similarly every breathing cycle. The
amount of air that is taken at maximum inspiration changes significantly between
different respiratory cycles. It is therefore preferred maximum expiration for some
abdominal treatments with gating because of the increased stability [53]. However,
maximum inspiration offers an important advantage for some treatment sites such
as the breast: the distance between the breast and the heart is increased. As a result
the dose to the heart decreases. To carry out gating techniques successfully, respira-
tion has to be stable and periodical. It is therefore required respiration monitoring
and a training session for the patient. For this session audio and visual coaching is
recommended [54, 55]. Audio coaching is performed with some instructions that
tell the patient when to breathe in and when to breathe out. This way, the frequency
of respiration is regularized [56]. Visual coaching is done with the aid of a screen or
video goggles that show the patient a region that has not to be exceeded when inspir-
ing. It regularizes therefore the amplitude of the breathing [56]. Ideally, simultane-
ous audio and video coaching would make respiration an almost sinusoidal pattern.
However, not all patients are able to follow both instructions simultaneously [55].
Gating is the most demanding strategy for motion management. And it has three
main drawbacks. First, not all patients can comply. Second, it requires special
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equipment and human resources. Third, and most importantly, it increases signifi-
cantly treatment times. In a gating technique that irradiates only in a tenth of the
respiratory cycle, the delivery time is ten-fold the time in a non-gated technique.
And this would be with an ideal respiration perfectly periodic. Real respirations
have irregularities that further increase treatment times. Any increase in treatment
times is related to patient involuntary movements that degrade the delivered treat-
ment quality. As a result, gating treatments that irradiate during 30% of the breath-
ing cycle are most common [57], and they may incorporate some residual movement.

The problems described above have made a move towards a fourth strategy,
named deep inspiration breath-hold (DIBH). DIBH is simpler and a more efficient
technique than gating. Patients are trained to breathe deeply and hold their breath
during some 20 s when they are told to do so. During this time, images for treatment
planning are acquired. Later, during the treatment, they must repeat the procedure
for any positioning imaging and also during the delivery of the treatment. DIBH
almost stops any movement. It therefore minimizes motion management issues.
However, to carry out optimally and efficiently a DIBH strategy, the requirements
about patient training and monitoring, and about coaching equipment are similar to
those mentioned for gating techniques. The treatment is usually planned with the
highest available dose rate and the number of beams is adjusted so that each beam
can be delivered on less than 20 s. This allows the delivery of the beam in a single
breath-hold. Additionally, all the gating instrumentation is adjusted as a backup
system. It automatically stops the treatment if the patient cannot hold the breath all
the time required to deliver a beam or an arc in a VMAT treatment. As a result, not
being able to hold the breath all the required time does not translate into wrong
delivery, because the treatment is stopped and subsequently resumed when the
patient comes back to the predefined breath-hold level. Unlike for gating techniques,
most patients can comply with DIBH, and treatment times are not significantly
larger than for non-motion-managed treatments. Consequently, it is becoming the
preferred strategy for motion management in today’s radiotherapy.
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6.1 Image Guidance and Adaptive Radiotherapy

Adaptive radiotherapy uses imaging information acquired at the time of treatment
to address anatomical deformations relative to the planning image data, which are
generally computed tomography (CT) images [1]. These deformations may arise
from inter-fractional changes, such as organ filling, weight loss, or relative displace-
ments of multiple targets, or from intra-fractional changes, such as respiratory or
cardiac motion. The adaptive process therefore requires both clear visualization of
the target and organs at risk, and an image acquisition frequency as high as, if not
higher than the frequency of the changes that the adaptation is intended to address.

Image guidance with cone-beam CT (CBCT) is widely used in radiotherapy for
position verification of the tumour and surrounding tissue. The modality enables
correction of positional misalignments through translations and rotations of the
treatment couch (Chap. 4 and [2]). The contrast of CBCT images is based on den-
sity differences, so interfaces between structures with large differences in density
such as between lung and tissue, or tissue and bone, can be clearly visualized. The
primary limitation of the CBCT for image-guided radiotherapy is the lack of soft
tissue contrast, which is often insufficient for identification of target structures. The
long acquisition time of the scans also precludes any real-time monitoring of
intrafraction motion. Finally, each CBCT scan acquired to monitor the position of
the target will deliver extra radiation dose to the patient.

Unlike CBCT and CT modalities, magnetic resonance imaging (MRI) provides
excellent soft-tissue contrast, (see Fig. 6.1), and has therefore become a highly valu-
able diagnostic tool in oncology. The images can be acquired in almost real time,
whilst the patient is on the treatment table to capture the motion of the target and its
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Fig. 6.1 Daily MR images (T2-weighted TSE sequence) of a rectum cancer patient undergoing
neoadjuvant radiotherapy. The change in the gross tumour volume (outlined in green) and the blad-
der, relative to the pre-treatment dataset (a) is clearly visible over fractions one to five (images b—f,
respectively)

surroundings at a high temporal resolution. Functional MR imaging modalities are
also available to probe biological function and physiology [3]. Technical develop-
ments over the last decades have led to scanners with sufficiently wide bores (up to
70 cm in diameter) and sufficiently rapid image acquisition sequences for pre-
treatment imaging of the tumour for radiotherapy applications. Tumour definition
and delineation, which has historically hindered the accuracy with which target vol-
umes could be identified, can be improved through the inclusion of MR data in the
diagnostic and treatment planning process [4—7]. For example, quantitative MR
images that reflect blood flow and vessel permeability are now frequently used for
delineation of the gross tumour volume (GTV) of the prostate [8, 9]. MR therefore
affords the possibility of adapting the radiotherapy to the biological as well as geo-
metric characteristics of the anatomy.

The soft-tissue contrast and the speed at which images can be acquired are the
primary reasons why MR is an ideal imaging modality for adaptive radiotherapy.
Furthermore, the MR imaging process does not expose the patient to ionizing radia-
tion, which is a concern for X-ray based modalities, so images can be acquired as
frequently as necessary for the adaptive process without extra radiation dose to the
patient. The excellent soft-tissue contrast facilitates adaptation of the radiation
delivery to the target and organs at risk, and frequent, rapid imaging throughout the
treatment delivery will enable adaptation of the dose to the mobile anatomy in real
time. These features of MR imaging motivated the development of MR-guided
radiotherapy (MRgRT) devices. There are currently two commercially available



6 Magnetic Resonance-Guided Adaptive Radiotherapy: Technical Concepts 137

Fig.6.2 Clinically used
ViewRay MRIdian
MR-linac at Washington
University in St Louis,
USA. (Courtesy of Dr.
Olga Green)

Fig. 6.3 Clinically used
Elekta Unity MRI-Linac at
the UMC Utrecht hospital,
Utrecht, The Netherlands

radiotherapy systems with integrated MR-guidance; the ViewRay MRIdian
(Fig. 6.2) and the Elekta Unity (Fig. 6.3). Two other systems are under development
at the University of Alberta [10] and within the Australian MR-linac consor-
tium [11].

6.1.1 Development of MR-Guided Radiotherapy Systems

Integration of an MR scanner and a radiation delivery system is far from straightfor-
ward, as the mechanism of MR image acquisition can interfere with the process of
generating the radiation beam of the linac, and vice versa. The strong magnetic field
of the MR scanner influences the trajectories of the accelerating electrons in the
linac, which necessitates modifications to the linac design. It should be noted that
even the beam generation systems of conventional linacs with travelling waveguides
must be dynamically corrected to account for the orientation of the earth’s magnetic
field, which is three to four orders of magnitude weaker than the magnetic fields
used in MRgRT systems. Conversely, the radio-frequency (RF) noise generated by
the linac interferes with the radio-waves used for image acquisition of the MR scan-
ner. The modifications implemented for MRgRT systems include a re-design of the
Faraday cage, so that the cage wraps around the linac and the cryostat of the
MR-scanner, to prevent RF interference on MR signal acquisition. The systems also
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use standing-wave linac designs as the waveguides of these linacs are relatively
compact. The influence of the magnetic field on the beam generation system can be
further minimized by either passive shielding of the system with mu-metal, or by
placing the linac and other electronic components sensitive to the magnetic field
within a torus of very low magnetic field around the MR magnet.

6.1.2 The ViewRay System

The ViewRay MRIdian system (ViewRay Inc., Oakwood, OH) was the first com-
mercially available device for MRI-integrated radiotherapy [12]. Clinical treatments
with this system began in 2014 at Washington University in St. Louis [13]. The
system uses a 0.35 T MR scanner with a split bore of 70 cm diameter. The magnetic
field is oriented along the +y-axis of the IEC 61217 coordinate system, perpendicu-
lar to the radiation beam. The MRI comprises two superconducting self-shielded
electromagnets, a 75 cm wide gradient coil and a surface receiver coil with low
beam attenuation. Planar and volumetric imaging are available, with a field of view
of up to 50 cm. Planar MR imaging for motion monitoring is possible during radia-
tion delivery, with a frame rate of up to four frames per second of a single slice.

The initial version of this system was equipped with three equidistant “°Co-sources
mounted on the gantry ring within the split of the scanner bore [12]. In the current
version, the *Co-sources have been replaced by a single standing-wave linac with a
6 MV flattening-filter free (FFF) beam, which can deliver a dose rate of 5.5 Gy per
minute at the isocenter [14]. The source-axis distance of the linac is 90 cm. The
beam is shaped by double-focused multi-leaf collimators (MLC) and does not pass
through any of the MRI components before entering the bore. The available field
size ranges from 0.5 x 0.5 to 24.1 x 27.4 cm?, and the system can deliver both IMRT
and 3D-conformal treatment plans.

6.1.3 The Unity System

The Unity MRI-linac was developed at the University Medical Center in Utrecht, in
collaboration with Elekta and Philips [15-17]. A first-in-man study to demonstrate
the safety and the dosimetric and geometric accuracy of treatment delivery on the
clinical prototype MR-linac was performed in 2017 [18]. The Unity system was
clinically released in 2018 after CE-certification.

The system comprises a 1.5 T MRI scanner, with a diameter of 70 cm, and a
standing-wave linac with a 7 MV FFF beam. The magnetic field is oriented along
the —y-axis of the IEC 61217 coordinate system, perpendicular to the radiation
beam. The MR scanner offers a wide range of volumetric image sequences and
motion monitoring via 2D cine-loop imaging. The linac gantry is mounted behind
the covers of the closed bore of the MR scanner so the gantry can safely be rotated
at a speed of up to six rotations per minute. The radiation beam travels through a
portal in the cryostat of the MR scanner, in between the superconducting coils. The
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portal is constructed to minimize attenuation of the radiation beam. The projected
leaf width at isocentre is 7.2 mm, and field sizes range from 0.5 x 0.5 to 22 x 57 cm?.
The maximum dose rate at isocentre is approximately 4.3 Gy per minute.

6.1.4 MRgRT Systems under Development

Two MRgRT systems are under development and have not yet been clinically used.
The Australian Magnetic Resonance Imaging-linac program has built a prototype
system with an actively shielded 1.0 T open-bore magnet with a 50 cm gap between
the coils [11]. The second system, located at the University of Alberta (Edmonton,
Canada) [10], comprises a biplanar superconducting open-bore 0.6 T magnet capa-
ble of operating at high temperatures and a 6 MV linac. Both systems feature the
possibility to orient the magnetic field parallel as well as perpendicular to the radia-
tion beam by rotating the MRI magnet relative to both the patient couch and radia-
tion beam. When the magnetic field is oriented parallel to the radiation beam, the
lateral scatter of electrons away from the radiation beam will be reduced. This
reduction of lateral scatter avoids concerns about high doses at density interfaces, as
described later in this chapter, at the cost of hugely increasing the skin dose at the
entrance of the beam [19, 20]. The systems are also designed so that the radiation
beam does not pass through the cryostat.

6.2 The Effect of the Magnetic Field
on the Dose Distribution

6.2.1 The Lorentz Force

MR-guided radiotherapy delivers dose to a patient in the presence of a (strong)
magnetic field. The photon fluence as well as the resulting photon-electron interac-
tions (i.e., the photoelectric effect, Compton scatter and pair production) are not
affected by the magnetic field. The resulting secondary electrons are, however,
affected by the Lorentz force, which will change their trajectory. The Lorentz force
is given by:

F, T =qvX B
where g is the charge of the particle, ¥ is the particle velocity and B the magnetic
field. The trajectory of the secondary electrons in a medium in the presence of a
magnetic field therefore depends on two factors: interactions with the surrounding
medium and the Lorentz force acting on the electron. Since no energy is lost through
the Lorentz force, the path length of the electron will be unchanged by the presence
of the magnetic field. However, as the electron loses energy via interactions with the
medium, as determined by the stopping power, the velocity will decrease, and there-
fore the Lorentz force experienced by the electron will decrease. As a result, the
gyroradius of the electron will also decrease.
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Fig. 6.4 Effects of the magnetic field on the dose distribution in and out of the primary radiation
beam. (1) Contaminant electron spiralling away from entry beam. (2) Electron at distal end of
beam spiralling away from surface along magnetic field lines. (3) Tilted dose kernel around point
of interaction. (4) Electron swept towards central axis, resulting in sharper penumbra. (5) Electron
swept away from central axis, resulting in broader penumbra. Effects (4) and (5) result in an asym-
metry of the penumbra in the axis perpendicular to the magnetic field. (6) Electron return effect at
interface between water and air

6.3 The Dose Distribution in a Transverse Magnetic Field
6.3.1 Beam Entry

As the radiation beam passes through air it will generate contamination electrons
before reaching the patient. In a transverse magnetic field these electrons will expe-
rience a Lorentz force, which will cause them to spiral around the magnetic field
lines and travel along the axis of the field away from the incident beam [21, 22].
These electrons can cause a modest increase of the skin dose outside the primary
field (less than 5% of the maximum dose within the field). This process is illustrated
as effect 1 in Fig. 6.4. However, as these electrons are swept away from the primary
beam they will not contribute to the surface dose of the beam. The skin dose in a
0.35 T magnetic field is comparable to the case without a magnetic field. However,
the skin dose increases with field strength, as the electrons in the patient are swept
sideways and deposit dose closer to the point of interaction [23, 24].

6.3.2 Beam Exit

Electrons generated at the distal end of the beam usually exit the patient, but in a
magnetic field the trajectories of the electrons can spiral and return to the patient
surface, depositing their remaining dose on the patient skin. This well-documented
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phenomenon is known as the electron return effect (ERE), and is generally charac-
terized as a dose peak at the distal end of the beam [19, 23-26]. The effect is shown
in Fig. 6.4 as effect 6. However, ejected electrons can also spiral along magnetic
field lines, as shown as effect 2 in Fig. 6.4. This effect, known as the electron stream-
ing effect (ESE) [27], can lead to unexpectedly high skin doses outside the radiation
field as these electrons can deposit dose at surfaces perpendicular to the magnetic
field axis outside the irradiated volume.

6.3.3 Penumbra

The Lorentz force also causes a detectable shift in the dose distribution in the plane
orthogonal to both the beam central axis and the magnetic field. On one side of the
radiation beam the electrons will be swept towards the central axis as illustrated by
effect 4 in Fig. 6.4, and on the other side the electrons will be directed away from
the central axis (see effect 5 in Fig. 6.4). The penumbra and dose profile will there-
fore be asymmetrical [25, 28, 29].

6.3.4 Central Axis

The magnetic field exerts a lateral force on electrons, which causes a lateral shift of
the kernel of dose deposition around the point of photon interaction, shown by the
asymmetric kernel in Fig. 6.4 (effect 3). The dose is therefore deposited closer to
point of interaction, resulting in a shift of the percentage depth dose curve towards
the surface. Dose as a function of depth therefore more closely resembles the Kerma
as a function of depth than the 0 T case. The percentage depth dose also shows a
shorter region of dose build-up and a shallower depth of maximum dose. These
changes become more pronounced with increasing magnetic field strength [30, 31].

6.4 Dose Measurements in a Magnetic Field

High-precision measurements of dose and dose distributions are required for high
precision of dose delivery in MRgRT. The presence of the magnetic field not only
changes the dose distributions, but also the detector response to radiation [30, 31].
Further, detectors and associated equipment (such as holders, motors and phan-
toms) must be MR-compatible.

Practical concerns regarding dosimetry in a magnetic field include (1) equipment
that is not MR-compatible, (2) accurate localization of detectors within a bore treat-
ment unit that has no light field, and (3) disruption of electronic equilibrium at
density interfaces. Most of these problems have now been solved [32, 33].
Manufacturers now often provide MR-compatible versions of radiotherapy equip-
ment [34-38]. Accurate positioning of detectors can be achieved by using an equip-
ment positioning template or a displaced isocenter indicator, such as lasers, or by
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imaging the detector in situ [29]. These positioning methods need precise table
movements in order to adjust or reproduce a detector position. Commercially avail-
able MRgRT systems can satisfy the requirements for accuracy of table positioning.

The ideal detector for MRgRT would also be visible in MR images, as this would
enable dosimetry as part of the clinical adaptive MRgRT workflow. Geometrically
accurate MR-imaging of detectors with metal components is not achievable, but
clinical workflows can be performed with phantoms including films and with gel
dosimeters. Another option is to use a dummy detector or phantom insert for imag-
ing, and then to replace these components for dosimetric measurements, although the
risk of perturbing the phantom while replacing the components must be considered.

6.5 Reference Dosimetry

The gold-standard detector for quantitative dosimetry for radiotherapy is the ioniza-
tion chamber. Secondary electrons travel through the chamber, ionizing molecules
along their path. The resultant charged particles are collected by electrodes and
recorded by an electrometer. The magnetic field will cause the trajectories of the
secondary electrons to curve and, as discussed above, the gyroradius of these trajec-
tories will depend on the magnetic field strength, relative orientation of the radiation
beam, magnetic field and the chamber, and beam energy [24, 39, 40]. The number
of ionizations inside the cavity for a given secondary electron fluence will therefore
change, and consequently the relationship between dose in medium and collected
charge released in air is altered.

The change of trajectory of secondary electrons induced by the magnetic field
means that the effective origin of these particles will differ in a magnetic field,
which thereby changes the effective point of measurement of the detector [41]. In
extreme cases the magnetic field can affect the physical structure of detector com-
ponents, such as bending the central electrode [42], which may also influence the
chamber response to radiation. Thin layers of air around detectors can also influence
measurements [32, 33, 43-45]. Reference dosimetry should therefore be performed
with waterproof Farmer-type ionization chambers in a water phantom.

The influence of the magnetic field on the response of the chamber to a given
electron fluence depends on the magnetic field strength and the relative orientations
of the photon beam, chamber and magnetic field. It is necessary to correct the cham-
ber reading for an absolute derivation of dose [30, 44]. The dose to water, Df’Q ,in
the presence of a magnetic field B for beam quality Q is given by

k k, MEN

0.0, = k501 0MoNp o,k

B B
DW’Q—kf M N 0.0,

B,Q 0 D,w,0,

where kj , accounts for the change in the chamber calibration factor, N, , , due
to the magnetic field, M, g is the raw chamber reading in the magnetic field, cor-
rected for polarity, recombination, relative humidity, temperature and pressure, and
koo, corrects for the difference in beam quality between the reference beam and

the beam of the MRgRT system. The k; , factor comprises an extrinsic component,
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¢, which accounts for the change in dose to water at the reference point due to the
magnetic field, and an intrinsic component k ,, 07 which accounts for the change
in the raw chamber reading due to the magnetic field.

For magnetic field strengths of commercially available MRgRT systems, it is
possible to choose an orientation of the chamber (namely, parallel or anti-parallel to
magnetic field) such that the k; 5.0 correction factor is close to unity [30, 46]. The
correction factor can be determined directly for a specific chamber and orientation
using a primary standard such as a calorimeter, as the response of the calorimeter to
radiation is not affected by the presence of a magnetic field. However, calorimeters,
particularly those modified for use in a magnetic field, are not available at most
institutions [47]. The correction factor can also be obtained via cross-calibration
with a dosimeter such as alanine, via Monte Carlo simulations or by using a combi-
nation of Monte Carlo simulations and measurements [30, 31, 46, 48].

Detailed Monte Carlo simulations have been performed for many detector types
and kA 5.0 factors determined from these simulations, or from experimental methods,
are available in the literature [43, 49-51]. It has been demonstrated from measure-
ments of multiple chambers that, for at least two types of Farmer chamber, the £, 5.0
values are consistent for each chamber type [46, 52]. Literature values of kj , fora
specific chamber model could therefore be used for individual chambers if the mea-
surements or simulations are appropriately conducted. The correction factors will
be specific to the chamber orientation relative to the magnetic field, beam quality
and the strength of the magnetic field.

6.6  Relative Dosimetry

Detectors used for relative dosimetry may also be influenced by the presence of a mag-
netic field. The angular dependence of detectors may change in a magnetic field, and
this dependence should be investigated before use [41, 46, 53]. Two- and three-dimen-
sional detector arrays typically include density interfaces and layers of air around the
detectors. The angular sensitivity of each system should be evaluated and profiles should
be compared with measurements in 3D scanning water phantoms. Scanning water phan-
toms have been developed for MRgRT systems [37]. The new phantoms have non-
standard sizes to pass within the bores and to measure the available field sizes. The
phantoms use MR-compatible ultrasonic motors instead of standard electric motors.

Film remains the detector of choice for high spatial resolution measurements in
an MR-linac and is suitable for dosimetry in a magnetic field [54]. Attention must
be given to avoid thin layers of air between the film and any solid phantom. Film
phantoms have been designed with materials of high electron density sandwiching
the film. These materials effectively stop all secondary electrons, thus negating the
effect of the magnetic field on the electron trajectories. The film can then be used to
assess the geometric characteristics of the photon beam, such as for quality assur-
ance of the multi-leaf collimators (MLCs) or identification of the radiation isocenter
on a spoke film [55] (Fig. 6.5).
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Fig. 6.5 Spoke film
showing a locus of radius
of gantry isocenter of

0.4 mm. The film was
acquired on a Unity
MR-linac using a phantom
with copper rings to avoid
the influence of the
Lorentz force on each
spoke

The Unity system incorporates an in-built megavoltage imager (MVI) [56]. This
imager has a limited field of view, approximately 22 cm wide and 9 cm long. The
imager itself is located in a region where the magnetic field strength is only 0.01 T
[57] and therefore can be used for dosimetry without concerns of magnetic field
effects, although the usual caveats for beam hardening, scatter and energy sensitiv-
ity still exist. A particular advantage of the MVI panel is that images can be recorded
at all gantry angles and can therefore be used for constancy checks of dose output,
dose profiles, and field edges. These measurements are not easy to perform with
other detectors as a detector cannot be mounted on the head of the linac, and no
commercially-available rotating platform is currently available.

An independent monitor chamber can be valuable for obtaining highly accurate
measurements for reference dosimetry, or for removing the effects of fluctuations in
output or dose rate on relative dosimetric measurements. The use of monitor cham-
bers in MR-linacs has proven challenging. A transmission chamber cannot be easily
used as it cannot be mounted on the head of the linac, as it would be for a conven-
tional system. It should also be noted that, for certain combinations of detector,
beam and phantom orientations, detectors in the bore may record a measurable dose
from the electron streaming effect [22, 58].

It has been demonstrated that MR images can be acquired during beam delivery
[38], and that the MRI radiofrequency pulses during imaging do not affect the radia-
tion dose distribution [29].
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6.7 Magnetic Resonance Imaging for MRgRT
6.7.1 Magnetic Resonance Imaging

MR images acquired on the MR-linac are used for multiple purposes over the
course of the treatment, including daily localization of the tumour and organs at
risk, delineation of structures for adaptive treatment planning, motion monitor-
ing, and assessment of the treatment response. Each purpose has associated and
specific imaging objectives. The geometrical accuracy of images used for delin-
eation and motion monitoring is of course essential, as is a high contrast-to-
noise ratio, whereas good visualization of biomarkers is of greater importance
for images used for response assessment [59]. Before the scanner is installed
in the department, MRI safety procedures must be in place to ensure safe
working conditions in the vicinity of a magnetic field for both staff and
patients [60].

6.7.2 Safety

An MR scanner consists of multiple hardware components that present safety con-
cerns [61]. The most obvious is the magnet with a (strong) static magnetic field, as
well as field gradients for imaging and radiofrequency coils to transmit and receive
signals. In addition to the effects of the magnetic field on the patient’s body, special
attention must be paid to passive and active implants (e.g., prostheses and pacemak-
ers) [62]. The static magnetic field will exert rotational (i.e., torque) and transla-
tional (i.e., attractive) forces on a ferromagnetic object in the proximity of the
magnet, which can be very dangerous for both patients and staff. These forces are
dependent on both the field strength and the gradient of the magnetic stray field.
Careful screening is therefore warranted.

To produce an image, the gradient system has to switch at a high frequency. This
frequent switching of the field may cause perineural stimulation (PNS), i.e., stimu-
lation of nerves, and produces acoustic noise due to the Lorentz force on the gradi-
ent coils while changing currents. Effective hearing protection for the patient is
therefore necessary. The acoustic noise is determined by both the magnetic field
strength and the gradient strength. Finally, the transmit coils deposit radio-frequency
(RF) power in the body, and deposition increases with magnetic field strength [63].
This process is monitored carefully via the acquisition protocols so as not to exceed
specified limits for heating of the body. If non-ferrous implants are present, linear
structures in the implants can act as a resonant antenna, which will cause further
heating. The length of the implant and the field strength will determine whether it is
safe to image the patient. The safety regulations are generally more stringent with
increasing field strength.
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6.7.3 Image Acquisition

As indicated above, geometric accuracy of MR images for radiotherapy is of great
importance. The two sources of geometric distortions are non-linearity of the field
gradient and susceptibility-induced inhomogeneities in the magnetic field [64, 65].
Non-linearity of the gradient violates the assumed linear relationship between spin
location and the local field strength controlled by the gradient system, and manifests
as a shift in pixel location. The displacements increase with distance from the iso-
center and are dependent on the design of the gradient coil but not on the imaging
sequence [66]. Most vendors apply correction algorithms, which can largely miti-
gate distortions. However, the correction can only be applied in the in-plane axes of
a multi-slice image. In a 3D image with two phase-encoded directions, the unwarp-
ing can be performed in all three dimensions, making 3D acquisition preferable
for MRgRT.

Susceptibility artefacts are caused by local inhomogeneities in the magnetic field
arising from an inherent variation of the susceptibility of the imaged object.
Susceptibility-induced distortions are dependent on the acquisition technique and
parameters. Echo-planar imaging, which is used for diffusion-weighted imaging, is
highly sensitive to susceptibility effects, whereas a 3D fast spin-echo sequence is
relatively insensitive to susceptibility variations of the tissue [67, 68]. The sensitiv-
ity of a particular sequence to magnetic field deviations is determined by the band-
width and the resolution of the images. This bandwidth is also referred to as water-fat
shift. A small water-fat shift, i.e., a high bandwidth, means that the sequence is
insensitive to magnetic field offsets. The drawback of increasing the bandwidth of a
sequence is that the signal to noise ratio will decrease [65, 69].

6.7.4 Image Quality

Image acquisition with MRI is relatively slow compared with CT. For the purpose
of MRgRT the image contrast and resolution therefore have to be balanced with the
scan time. The scan time for the MR image used for registration, delineation and
treatment planning should be less than approximately 5 min. The treatment plan-
ning system requires a 3D dataset, so this requirement directs the choice of imaging
protocol. Generally, a spoiled gradient recalled (SPGR) sequence (for T1-weighted
images), a 3D turbo spin-echo (TSE) sequence (for T2-weighted images) or a 3D
balanced steady-state free precession (SSFP) or fast imaging with steady-state pre-
cession (TRUFI) sequence [70, 71] will be used for tumour and organs at risk delin-
eation. These 3D-acquired images are not optimal for diagnosis and tumour staging
as the contrast is weaker and the in-plane resolution is lower than would typically
be demanded for radiology images. However, for daily delineation of structures,
these images suffice. The choice of contrast is directed by the location of the tumour
and by the field strength of the MRI scanner.

At low field strengths (0.35 T) the balanced SSFP sequence is normally used,
while for the 1.5 T scanner the SPGR and T2TSE sequences are typically used. The
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balanced SSFP is more effective at low field because of the relatively long T2 and
short T1 relaxation times. The T2 fast spin-echo sequences become more useful at
high field strengths and can provide a cleaner T2 contrast.

Due to the nature of the image acquisition, MRI is prone to geometric and inten-
sity distortions. Geometrical uncertainties of standard T2-weighted MR images at
locations 18 cm from the centre of the bore are typically up to 1.3 mm [72]. The
geometrical accuracy of images is crucial for the planning and delivery of radio-
therapy, so such image-related uncertainties must be carefully considered.
Limitations for treatment of particular tumour sites (such as breast) may apply, but
novel MRI sequences dedicated to reducing geometric distortions and geometrical
correction techniques will further extend the use of MRI in radiotherapy simulation,
treatment planning and treatment guidance. An example of the geometric distor-
tions of a BO-map sequence acquired on the 1.5 T scanner of the Unity is shown in
Fig. 6.6.

The imaging frequency required for real-time motion management is determined
by the motion of the target and the surrounding tissues. A high imaging frequency
is not necessary to assess and correct for the drift of the target position over the
course of a treatment fraction. For exception gating, i.e., gating of the delivery if the
target moves out of the high dose region, a scan time of up to 10 s is sufficient,
which is long enough for dynamic 3D imaging. However, for real-time guidance
with tracking of the target, fast cine imaging with short loop latency times is needed.
The time required for reconstruction and data transfer, which depends on the filling
of k-space [73], as well as the scan time are of crucial importance. The gradient coils
are designed to prevent damage from ionizing radiation to the electrical components
and to reduce the attenuation of the beam by the coil by splitting the coil in two,
with a gap of approximately 20 cm. This design constrains the performance of the
scanner as it limits the maximum gradient amplitude and gradient slope, which
therefore reduces the imaging speed and signal-to-noise ratio because of the longer
echo times. However, the performance reductions are generally small. The rela-
tively low field strength of the 0.35 T MR scanner of the ViewRay system also limits
the signal-to-noise ratio, but the design of the receive coil and the distance between
the receive coil and the patient also reduces the signal of the 1.5 T Unity MR
scanner.

Fig. 6.6 Geometric distortions in the breast of a BO-map sequence acquired with the patient cen-
tred in the bore of the Unity 1.5 T scanner. The distortions induced by the BO-field are shown in
the centre image, and the total geometric distortion (including gradient-induced distortions) is
shown in the image on the right
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6.8 Treatment Planning for the MR-Linac

The magnetic field of the MR-linac influences the dose distribution in the patient, as
discussed above, and so the effects of the magnetic field on charged particle trajec-
tories must be simulated in the treatment planning process. Monte Carlo codes pro-
vide the only feasible means of accurately generating and calculating treatment
plans in a magnetic field. The effects of a 1.5 T magnetic field on dose distributions
can be accurately simulated with the EGSNRC [74], PENELOPE [75] and GEANT4
[76] codes.

However, online adaptive planning demands both speed and accuracy of dose
calculations. The graphics processing unit Monte Carlo dose (GPUMCD) code [77]
parallelizes simulations over multiple GPU threads to increase computational
power, and includes simplifications of the simulated physical structures and pro-
cesses in order to speed up calculations [78]. The code has also been modified to
incorporate magnetic field effects [79]. The GPUMCD code has been implemented
in treatment planning systems for the Unity MR-linac. The code used by the
ViewRay treatment planning system is based on the VMC [80] and EGSNRC code
and also simulates the effects of the 0.35 T magnetic field on the dose distribu-
tion [81].

A comparison of treatment planning strategies for lymph node oligometastases
planned for the Unity MR-linac showed that a complete re-optimization and calcu-
lation of a treatment plan could be achieved in under 2 min [82, 83]. A comparable
average time of 2.9 min was reported for re-optimization and calculation of prostate
plans for the ViewRay system [81]. The time required to achieve a clinically accept-
able plan adaptation will of course depend on the factors such as the resolution of
the dose grid, the required statistical uncertainty of the dose calculation and the
dimensions of the calculation volume. However, it is clear that further gains in plan-
ning and calculation speed must be made for real-time plan adaptation.

6.8.1 Quality Assurance

Online adaptive radiotherapy is particularly challenging regarding quality assurance
of patient-specific, or rather, fraction-specific plans. The patient must remain in the
treatment position on the couch for the entire online workflow, which imposes both
time and logistical constraints on any QA measures. Quality assurance steps per-
formed by centres currently delivering MRgRT typically include one or more of the
following:

* Visual inspection of new contours and electron density map.

* Independent three-dimensional calculation of the planned dose distribution [84].

e Verification of integrity of transferred data from the treatment planning system to
the record-and-verify system [85].

e Verification of treatment delivery log files [§6—88].

* Post-delivery measurement of treatment plans [89].
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6.9  Workflows for Adaptive MRgRT
6.9.1 Offline Workflows

Treatments for commercially available MR-linac systems start with an offline
patient dataset and treatment plan. The delineations and electron density informa-
tion of the dataset and the initial treatment plan serve as references for plan adapta-
tion. Challenges regarding planning on MR data, particularly the lack of information
about electron densities in MR images used for online plan adaptation, are dis-
cussed in Chap. 3. Patient-specific data on electron densities of delineated structures
can be obtained from a simulation CT. Many centres also acquire simulation MR
datasets as part of the clinical preparation for an MR-linac treatment [18, 81, 82].
The reference plan can be calculated directly on the CT, but using the MR images
as the offline reference dataset, with electron density information supplemented
from the CT, can improve the registration process in online workflow due to the
similar tissue contrast on the two images [90, 91].

6.9.2 Online Workflows

The online component of the treatment includes many of the standard steps for
delivery of a conventional radiotherapy plan: acquisition of an (MR) image with the
patient in the treatment position, image registration, delineation, treatment plan-
ning, position verification, quality assurance of the treatment plan, and treatment
delivery. The workflow for online adaptive MRgRT for a specific patient can be
tailored according to the nature and frequency of the intra- and inter-fraction ana-
tomical changes. The strategy chosen for a particular treatment must balance the
optimization time with the plan quality that can be achieved.

A brief summary of the online adaptive workflow is as follows: the patient is
brought into the treatment room and positioned on the couch of the MR-linac. A
volumetric MR scan is acquired and the offline image dataset is rigidly registered to
the online MR scan. The delineated volumes must be modified to account for defor-
mations of the online anatomy relative to the reference dataset. This process is usu-
ally initiated via deformable registration-based auto-contouring, which generates
contours of the structures delineated on the reference dataset on the online MR
image. These contours require reviewing and may need to be manually modified.
The electron densities of the structures of the reference dataset will also be mapped
to the corresponding structures of the online MR dataset; the electron density distri-
bution of the online dataset should also be reviewed. Average times of 10 min were
reported for prostate [81, 92] and abdominal stereotactic ablative body radiotherapy
[83], although the time required for reviewing and editing will of course depend on
the treatment site and staff experience. Improvements in auto-contouring via artifi-
cial intelligence and deep learning are thus essential to reducing the time, with
which MRgRT can be delivered and to the introduction of real-time plan adaptation
[93-96].
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After the online dataset has been reviewed and approved, the reference plan can
be adapted to the new patient dataset. There are a number of strategies available to
generate an online plan. The apertures of the original plan can be adapted to the new
target volume [97-99]. The shapes and/or weights of these apertures can then be
optimized. It should be noted that this optimization process must also account for
the non-uniform profile of the flattening-filter free beams used in commercial
MRgRT systems. Alternatively, the fluence of the original plan can be re-optimized
and re-segmented. The most time-consuming option is to create a new plan based on
a full optimization of the fluence for the new anatomy and constraints.

The full optimization strategy is shown in the bottom workflow in Fig. 6.7, and
is the only means of addressing changes in the dose to organs at risk due to anatomi-
cal deformations. The workflow shown in Fig. 6.8 for an oligometastatic lymph
node illustrates both a change of the position of the target lymph node relative to the
nearby organs at risk, as well as deformations in these organs at risk. Although the
form of the target volume is relatively unchanged between treatments, the deforma-
tions in the organs at risk and the change in proximity between the organs at risk and
the target volume necessitate a full re-optimization of the fluence, followed by seg-
mentation and calculation of the plan dose.
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Fig. 6.7 Plan adaptation process. Top workflow: adaptation of segment to account for position of
target relative to isocentre. Bottom workflow: optimization from fluence to account for deforma-
tion of target volume, followed by segmentation of the plan
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Fig. 6.8 Example workflow for MRgRT for an oligometastatic lymph node. The deformations of
the organs at risk of the online MR relative to the offline dataset are particularly obvious, and the
target lymph node is also closer to the bowel. In this case, without re-optimizing the fluence it is
not possible to satisfy the planning constraints

It should be noted that the registered original dataset, including electron density
information, can also be used for plan generation and dose calculation. The plan
segments may need to be repositioned and the shapes and weights re-optimized to
account for the position of the target volume relative to the isocenter and the profile
of the FFF beam. This workflow, shown in the upper workflow in Fig. 6.7, is com-
parable to an image-guided treatment on a CBCT linac, and such an MRgRT work-
flow can be superior to a CBCT-guided workflow if the visibility of the target on the
CBCT images is poor. However, the workflow cannot account for deformations of
the target volume, such as can be seen in Fig. 6.1, or the organs at risk.

Once a treatment plan has been generated and reviewed, it is necessary to verify
that the patient anatomy has not substantially changed since the online MR scan was
acquired. A verification MR scan is acquired during the planning process and com-
pared with the initial online dataset. If anatomical changes are acceptably small,
plan quality approval is performed and the plan is delivered. Unacceptable anatomi-
cal changes necessitate repeating the workflow process. It should be noted that the
frequency and complexity of plan adaptation increases the duration of each treat-
ment fraction, which increases the burden for both patient and staff [100].

6.9.3 Intra-Fraction Monitoring and Adaptation
Two- and three-dimensional MR images can also be acquired during plan delivery.

These images can be used to monitor intra-fraction motion and changes [101, 102],
and, if necessary, for further adaptation of the treatment plan during irradiation.
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Current MRgRT systems allow for exceptional gating in treatment delivery, and, if
necessary, for the remaining plan to be adapted to account for a drift in the position
of the target volume. Respiratory gating of treatments, so that radiation is only
delivered during a specified phase of the respiratory cycle (see Chap. 4), is also pos-
sible [103]. However, both these processes lengthen the treatment process [104] and
cannot address deformations of the target or organs at risk during delivery.

6.10 The Future of MRgRT

Tracking of the tumour with the radiation beam during delivery, to account for both
drift of the mean position of the tumour and for respiratory motion [105, 106] is
currently under development, and shows particular benefit for reducing normal tis-
sue complication probabilities [107, 108]. Implementation of tracking is predicated
on real-time MRI with adequate signal and temporal resolution. The ultimate goal
of adaptive MR-guided radiotherapy is of course a system that can not only visual-
ize anatomical changes in real time, but also continuously adapt and optimize the
plan in real time based on these changes [109]. This process is hugely challenging
as it not only requires rapid image acquisition but also rapid calculation of deforma-
tion vector fields, fluence optimization, beam segmentation, dose calculation and
dose accumulation.

However, the benefits of combining real-time online MR imaging with high-
precision real-time plan adaptation are clear. An improved definition of the target
and improved accuracy of the delivered dose would enable reduction of uncertainty
margins [110, 111] and thereby an increase of the therapeutic index through dose
escalation [112] or a reduction in toxicity [13, 113, 114]. The margin reductions
could also allow safe hypofractionation of treatments to improve both treatment
outcomes and patient quality of life. Finally, the inclusion of functional MR data in
the radiotherapy process can facilitate targeting the dose to biologically active
regions of the tumour. This combination of immediate visualization of disease and
immediate treatment would essentially make the MRgRT process one resembling
interventional radiology.
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7.1 Introduction

Harold Johns from Ontario Cancer Institute once said, “If you can’t see it, you can’t
hit it, and if you can’t hit it, you can’t cure it”. No truer words have been spoken in
the world of radiation therapy when it comes to cancer, and the paradigm of improv-
ing the imaging techniques as the means of narrowing down the target that needs to
be irradiated in order to reliably cure cancer has been the moving force behind the
invention of the adaptive treatment workflow. After all, by accounting for the
changes in the patient’s anatomy on the day-to-day basis, both the precise delivery
of the maximum dose to the target with the simultaneous significant reduction of the
dose to the surrounding tissue can be achieved, providing for both the reduced tox-
icity and a possibility of the dose escalation and shorter treatment times. The major-
ity of the radiation treatment system employs computed tomography (CT)-based
imaging in order to delineate the target and calculate the necessary radiation dose;
however, it comes with certain limitations. Photon scattering has been long plaguing
the quality of the CT images, providing for the poor contrast between the different
soft tissues and necessitating the reliance on the implanted fiducial markers when
considering the target for adaptive treatment prospects. Utilizing other imaging
modalities might prove to the key to solving that particular problem, with magnetic
resonance imaging (MRI) in particular coming to mind as a versatile tool in provid-
ing us with deeper information about the soft tissue contrast. Currently, there are
several commercially available linear accelerator (LINAC) systems incorporating
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an MRI scanner (MR-LINAC), with the magnetic field strength ranging from 0.35
Tesla (T) to 1.5 T (see Chap. 6). Lower magnetic strength allows for the normal
operation of linear accelerator, preventing the electron path distortion and allowing
for a precise calculation of the radiation dose; however, it inevitably affects the
image quality. A compromise must be reached so that the image quality is still suf-
ficient for the purpose of target and organs-at-risk (OAR) delineation in real time,
allowing for fraction-to-fraction adaptation with patient never leaving the treatment
table while the new plan based on the day-to-day anatomical variation is devised.
Several problems need to be solved in order to make it a possibility, with key ele-
ments of the adaptive treatment being subdivided into imaging, assessment, replan-
ning, and quality assurance. Overall the workflow of the adaptive radiation treatment
can be summarized by the following diagram [1] (Fig. 7.1).

When it comes to imaging, the problem can be further subdivided into the image
quality assurance in general and ensuring the imaging suitability for the purposes of
the adaptive treatment in particular. For instance, gating is a powerful tool that
allows to incorporate the natural breathing pattern and associated anatomical varia-
tions and target movement. Incorporating the gating capabilities in the operation of
MR-LINAC is an important step of making the adaptive treatment a reality.
Significant effort is devoted to develop real-time three-dimensional MRI techniques
that minimize the imaging latency and allow decreasing the computational time
required to adapt the treatment pattern to the current anatomy. One of the unique
challenges of the adaptive radiation treatment is the need to immobilize patient for
the duration of the full workflow, which can be further exacerbated by the claustro-
phobia and discomfort associated with the extremely limited space inside the
MR-LINAC bore. Thus, the imaging strategy has to be robust in order to account for
patient’s involuntary movement [2].

Conventional Planning Online ART

— 60 v B

Conventional Planning Offline ART

Fig. 7.1 Adaptive workflow—online and offline [1]. Image used with permission
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The next question to be considered when devising the strategy for online adap-
tive treatment with the use on MR-LINAC is the exact imaging technique to use for
the target and OAR assessment to determine if radiation treatment adaptation is
even required. A wide variety of different sequences exist in the world of diagnostic
MRI; however, due to the time constraints, not all of them are well adapted for the
time-constrained environment of the online adaptive radiation therapy. The com-
mon techniques used these days include T1- and T2-weighted images, dynamic
contrast-enhanced MRI for vasculature visualization, chemical effect saturation
transfer (CEST) MRI for mobile protein and peptide content, as well as tumor
hypoxia tracing, diffusion-weighted imaging, as well as many other less common
modalities [3]. As of this moment, however, T1- and T2-weighted images remain to
be most commonly used for the purposes of radiation treatment adaptation, though
that might change as the technology of image acquisition and reconstruction contin-
ues to improve. The emergence of radiogenomics and imaging genomics is also a
developing field that might be particularly helpful in the future with devising the
adaptive radiation treatment for patients with glioblastoma, as well as other sites, as
the field continues to develop. MRI fingerprinting for the multiple biomarker map-
ping might become a reality in the nearest future.

When it comes to replanning, several unique challenges arise. One such concern
specific to radiation treatment in MR-LINACsS in particular is the electron return
effect that adds to the computational burden when assessing the dose at the interface
of the tissues with highly varying electron densities. Monte Carlo simulation solu-
tion seems to be the most accurate from the calculation algorithms currently present
on the market; however, the time constraints are imminent when considering the
MR-LINAC application for the online adaptive radiation treatment, and not as much
time can be devoted to recalculating the dose and optimizing the multileaf collima-
tor (MLC) leaf pattern as would be common for the offline radiation treatment
planning.

The real-time quality assurance has to rely on the extensive use of the Monte
Carlo simulation as well as the customary dose measurement common to the
intensity-modulated radiation therapy (IMRT)-based treatment is unavailable with
the adaptive treatment workflow. Portal dosimetry and exit dose analysis, as well as
extensive machine logs, become an absolute necessity.

7.2 Clinical Sites

All of these challenges contribute to the necessity to improve and develop better
adaptive treatment protocols and strategies. Nevertheless, the movement to use
MR-LINACS for adaptive treatment is gaining momentum in the field of radiation
oncology, with new reports of a successful implementation appearing in the litera-
ture. Numerous clinical trials are being conducted on various anatomical sites to
assess the suitability of using the MRI-guided adaptive radiation treatment at this
moment, and summary of some of these trials and clinical cases is presented in this
chapter in the form of review on site-by-site basis [1, 4].
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7.2.1 Brain and Spine

Radiation treatment is a common strategy for dealing with the tumors of the central
nervous system in general and brain tumors in particular. Both primary and meta-
static tumors of the brain have long been benefiting from MRI imaging for target
delineation and OAR sparing. MRI scan obtained via a diagnostic scanner is typi-
cally registered to the CT scan via bony anatomy with high degree of confidence
and can then be used for contouring. As the target is unlikely to move within the
rigid structure of the brain, the most common consideration for the need for the
adaptive treatment comes from the target size change postresection, if a significant
time has passed between the diagnostic scan and the day of treatment, or the target
size assessment of the fraction to fraction basis in case of multifraction stereotactic
body radiotherapy (SBRT; typically 3—5 fractions; fx). Mehta et al. [5] present a
study on several cases of grade 4 glioblastoma patients postresection, with the
changes of the resection cavity size, tumor volume and cerebral edema being tracked
via MR-LINAC imaging capabilities. The daily decrease in the cavity measurement
was observed in all patients and was significant enough to justify the additional
costs of the adaptive treatment for the improved tumor control and toxicity decrease.
These results are consistent with results previously obtained with the help of diag-
nostic MRI scans mid-treatment by Tsien et al. [6], Shukla et al. [7], and Yang et al.
[8]. Another study was performed by Maziero et al. [9] on conventionally fraction-
ated RT conducted on MR-LINAC with the MRgRT (MR-guided radiotherapy)
scans obtained to identify serious pathologies and edema changes during the course
of treatment, highlighting the evolution in the tumor volume following the course of
radiation treatment and providing recommendations for gross tumor volume (GTV)
adaptation. The authors discuss the possibility of physiologic adaptive radiotherapy
as the future venue for the treatment of brain tumors. In addition, a presentation of
the cases of the spine adaptive treatment, with a focus on bowel OAR migration, has
been presented. Another study by Spieler et al. [10] also presents the cases of the
SBRT treatment of the spinal metastases conducted on 0.35 T MRI-RT Co-60 sys-
tem. In addition to the advantages of more precise target delineation and OAR spar-
ing, authors noted that MR-LINAC-generated images had the additional advantages
of using the low-field MRI to mitigate the magnetic susceptibility artifacts caused
by the spinal hardware.

7.2.2 Head and Neck

The first studies related to the use of MR-LINAC on head and neck patients date
back to 2016, when six patients were observed during the course of IMRT treatment
by Raghavan et al. [11]. At that time, the pretreatment MRIs on selected fractions
were performed and the changes in the GTV and parotid glands were delineated. A
significant shrinkage of GTV and parotid gland volume was observed, establishing
the need for the treatment planning adaptation in the future. In 2017, a more thor-
ough clinical trial involving the use of the Co-60 Viewray MR-LINAC on head and
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neck patients was performed by Chen et al. [12]. At that time, 18 patients received
the standard IMRT radiation courses with the target and OAR delineation being
manually adjusted by the attending physician on the day-to-day basis. Two of the
patients also had functional MRI data obtained via diffusion-weighted sequences on
a weekly basis. All of the patients were followed up for 18-month postcompletion,
with positron emission tomography (PET) scans obtained approximately 3-months
postcompletion, and quality of life assessments performed periodically. All of the
patients demonstrated the treatment results comparable to one with the conventional
IMRT treatment, with quality of life being rated either very good or outstanding for
70% of the patients, thus validating the feasibility of the MR-guided radiation ther-
apy [12]. This study was followed by several other studies exploring different
aspects of the adaptive treatment planning and delivery process when performed on
the head and neck cases. A study performed by Chamberlain et al. [13] established
that increasing the number of segments and beams increased the dose conformality
without prolonging the overall treatment time. A study by Gurney-Champion et al.
[14] helped to determine the extent of the 3D intrafractional motion of the head and
neck patients to determine the effect of the increased treatment time for the adaptive
treatment on the patient’s ability to retain the position for the minimal movement of
the tumor. The results of the assessment showed that both the systematic and ran-
dom motions were well within the clinical safety margins. Another study to deter-
mine the radiation treatment margins for head and neck tumors was performed by
Bruijen et al. [15]. A first adaptive radiation treatment study using 1.5 T Elekta
Unity MR-LINAC was performed by McDonald et al. [16] and confirmed the feasi-
bility of the previously established margins. At that time, 10 patients received treat-
ment. Seven patients received at least one treatment with the backup plan on a
conventional LINAC owing to the machine downtime or admittance to inpatient
facilities. All patients were treated with online adaptive treatment workflow. Doses
to all OARs were consistent between the reference plan and summation plan.
Significant tumor shrinkage, weight loss, and anatomical deformations were
observed but were able to be accounted for with the use of adaptive treatment work-
flow. Parotid glands and spinal cord were specifically benefited from the treatment
adaptation. Treatment times were less than an hour in 91% of the cases. These
results were consisted with the similar online adaptation workflow results per-
formed on the ViewRay 0.35 T MR-LINAC. Several other studies are currently
being performed in order to establish the protocols for safe dose reduction without
the sacrifice in tumor control.

7.2.3 Thoracic Tumors

The thoracic region presents unique challenges when it comes to MRI. The respira-
tory motion introduces an uncertainty that often requires increased planning target
volume (PTV) margins, and the variability of the anatomy in the region on the day-to-
day basis introduces the possibility of the high degree of toxicity. Technical chal-
lenges and solutions associated with MR-guided radiation treatment in the thorax
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include, e.g., low proton density in the lungs producing low MR signal, respiratory
and cardiac motion during image acquisition, lack of intrinsic electron density infor-
mation requiring bulk overrides for the synthetic CT generation, electron return effect
being especially pronounced at air-tissue interfaces, and physiological motion during
patient setup and treatment. Breath hold imaging, 4D-MRI, gating, and tracking
become paramount in order to ensure the tight margins of the PTV and OAR sparing,
especially in the cases of the tumors located in the central portion of the thoracic cavity.

Lung tumors have long been a target of SBRT-type treatment that requires increas-
ingly precise delineation of the target and OARs. For instance, the suitability of using
the stereotactic magnetic-resonance-guided radiation therapy (SMART) has been
investigated by Finazzi et al. [17] on 25 patients with centrally located lung tumors
where soft tissue delineation is especially important due to proximity of the heart,
esophagus, bronchial tree, and major vessels. MRIdian ViewRay 0.35 T LINAC has
been used in these studies. Before each fraction, a breath-hold 3D MR scan was
acquired to define the anatomy of the day. The registration would be performed and
the physician could then adjust the GTV and the OAR contours as needed. Online
plans were reoptimized with the MRIdian planning software using the same beam
parameters and optimization objectives. In 92% of cases, the physician chose to pro-
ceed with the adapted plans. Treatment delivery occurred during the breath-holds. The
optimized plans provided clinically meaningful improvement in the PTV coverage
and were able to avoid high doses in the stomach, vertebral bodies, and brachial
plexus. PTV dose escalation with the simultaneous OAR sparing was feasible with the
provided SMART workflow. A longer study performed by the same group on 54
patients was followed up by 2-year observation period [18]. The use of the SMART
workflow did not compromise the tumor control while significantly reducing the tox-
icity of the treatment, including for patients with previous radiation treatment or
resection. No high-grade bronchial toxicity common for the patients with central lung
tumor was observed. Much smaller tumor volumes could be used. The results were
used to devise a single fraction stereotactic ablative body radiotherapy (SABR)
approach for early stage cancer [19]. Ten patients were selected for the study. On the
day of treatment, the GTV contours were adjusted by the physicians. On mid-treat-
ment 3D-MR scans, the plans were reoptimized in order to better control dose to the
OARs and decrease the hotspot. The patients were observed for 1-year post-SABR,
with one patient developing a myocardial infraction. For the remaining nine patients,
no grade 3-5 toxicities (according to Common Terminology Criteria for Adverse
Effects; CTCAE) and no local recurrences have been observed. Similar results were
observed for a single fraction 34 Gy SBRT treatment performed by Chuong et al. [20].
When it comes to Elekta Unity MR-Linac system, Winkel et al. [21] performed a
study on 10 patients with ultracentral tumors treated with a hypofractionated schema
of 60 Gy in 8-12 fx. All treatments have been well tolerated by patients. A summary
of the clinical experience to date has been presented by Crockett et al. [22] (Table 7.1):

The heart provides an even harder target to irradiate as the rapid nature of the
human heartbeat makes gating difficult. Nevertheless, several groups have made the
attempts to utilize MRI-guided radiation therapy for the treatment of various condi-
tions of the heart. For instance, Pomp et al. [28] report the treatment of the sarcoma
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of the heart. The patient had already experienced recurrent strokes and a cardiac
surgery before the radiation treatment took place to control a recurrent nonresectable
tumor. As only the portion of the heart containing tumor was irradiated, the remain-
ing healthy heart, along with lungs, esophagus, and bronchi were treated as OARs.
SBRT-type treatment with 60 Gy delivered in 12 fx with online adaptation was per-
formed and well tolerated. Another case study was described by Gach et al. [29]. The
patient in question had cardiac fibroma, as well as an implantable cardioverter defi-
brillator, making treatment planning and delivery an additional challenge. The patient
had an MR-compatible Medtronic Evera Surescan ICD, and, according to the cardi-
ologist assessment, was not device-dependent, presenting standard medium-risk. All
the MRI conditions were confirmed with a vendor, with all of them being met with
the exception of the use of the device in the presence of the 0.35-T magnetic field, as
the device was tested in 1.5-T field conditions. The off-label use of the device was
assessed by the medical physicist and discussed with the patient, and several adjust-
ments to the device operation mode were made based on vendor’s recommendations.
The presence of the ICD on the MR images caused null band artifacts that ran through
the heart. Nevertheless, the attending physician was able to successfully identify the
target and make the GTV adjustments as needed for the gating purposes. The patient
reported no pain during the treatment and was not in cardiac distress. The device
appeared to be undamaged by the MRI scans or the radiation.

A separate study was presented by Sim et al. [30] where the MR-guided radiation
therapy was considered for the treatment of intracardiac and pericardial metastases.
Five patients were selected for the study, including two with pre-existent cardiac
disease. SBRT-type treatment with 40-50 Gy delivered over the course of 5 fx was
prescribed. In this scenario, the representative slice of the lesion was contoured on
each day and used for the gating purposes. No plan adaptation was used for the
patients. All symptomatic patients experienced some relief postirradiation, and
there were no acute adverse effects; however, one of the patients without prior car-
diac disease ended up developing atrial defibrillation 6 months after treatment. An
adaptation of the treatment plan was considered to be a viable plan as a result of the
study based on the observed workflow.

Esophageal tumors in the thoracic cavity also present a unique challenge. Boekhoftf
et al. [31] discuss the reduction of the dose to the heart, large vessels, trachea, bron-
chial tree, and lungs with the help of the adaptive MR-guided radiation therapy on a
study consisting of 32 patients with the esophageal cancers. This study did not con-
tain any cases of the prior irradiation and surgery. Daily GTV changes were evalu-
ated based on the acquired on-board MR imaging. Considerable day-to-day shape
changes of the clinical target volume (CTV) were observed. The target coverage was
most often compromised on the distal part of the CTV, near the gastroesophageal
junction and into the cardia. The changes could not be accounted for by translation
and rotation only, and required on-table adaptive workflow with daily regeneration of
the new plans. Winkel et al. [21] and Lee at al [32]. reach similar conclusion. In addi-
tion to the day-to-day positional variation of the location of the GTV and CTV, the
esophageal cancer GTV tends to shrink significantly as the treatment progresses,
with the tumors decreasing up to 28% by the fifth week, thus also necessitating the
radiation treatment plan adjustment [33]. When it comes to respiratory gating
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management, lower esophageal tumors experience the largest range of motion asso-
ciated with breathing pattern due to the proximity of the diaphragm.

7.2.4 Abdominal Tumors

Abdominal structures have long been a challenge to a traditional CT-based approach
due to the low soft tissue contrast. MR-guided radiation treatment provides a unique
opportunity to differentiate between the abdominal structures, allowing for the bet-
ter OAR sparing and potential dose escalation to the mobile tumors in abdomen.
Various treatment sites in the abdominal cavity have been considered for MR-guided
radiation therapy, with liver and pancreas being the most attractive targets. Bohoudi
et al. [34] suggested the adaptive workflow and evaluated the margins within which
the recountouring was required in order to ensure the same or better OAR sparing
and target control as with the full contouring, determining that a 3-cm ring around
the PTV was sufficient for the clinical purposes for the abdominal targets. In their
later publication, Bohoudi et al. [35] also presented the analysis of the criteria of
patient selection for the adaptive radiation therapy. Plan adaptation appeared to be
relevant mainly in cases where the GTV to adjacent OAR distance was <3 mm.
These criteria were evaluated on the example of pancreatic cancer but were later
adopted as a strategy for all abdominal cancers. One of the earliest studies has been
conducted by Henke et al. [36] in 2017 on the MRIdian ViewRay Linac system.
Twenty patients with oligometastatic or unresectable primary abdominal malignan-
cies, including 10 patients with liver tumors, and 10 patients with nonliver tumors,
received 50 Gy in 5 fx, with each fraction following the adapt-to-shape workflow
that allowed for the complete plan adaptation based on the daily anatomy variation.
The patients were observed for 6 months, with zero grade 3 (acc. To CTCAE) acute
treatment-related toxicities observed. Several years later, a similar study was
repeated for the Elekta Unity MR-LINAC machine, this time with free-breathing
abdominal SBRT [37]. Both adapt-to-shape and adapt-to-position workflows were
considered. Due to software limitation, an offline Monaco system was used for
adaptive plan generation in Adapt-To-Shape (ATS) workflow. Likewise, the study
confirmed the feasibility of the MR-guided radiation therapy adaptive workflow for
the abdominal cases. Palliative abdominal cases have also been at attractive target
for the adaptive radiation therapy. Green et al. [38] presented a case of a nonsmall
metastatic lung cancer patient who has experienced a gastrointestinal hemorrhage
requiring transfusion. Patient was ineligible for surgery, and an urgent course of
radiation treatment of 25 Gy in 5 fx was prescribed. Due to urgency, simulation and
the first fraction of treatment occurred on the same day, with 30-min, free breathing,
volumetric MRI being acquired and used as the primary planning image. Daily
image acquisition and plan adaption based on the anatomy variation were con-
ducted. After completion of the treatment, the patient reported resolution of melena,
his hemoglobin improved without subsequent transfusion required, and no toxicity
following 3 month was reported. Another case presented in the same report con-
cerns an omental metastatic lesion with high degree of movement in extremely short
periods of time. The CT scans taken in the morning and in the afternoon showed a
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different location of the lesion, and a decision has been made to perform an MRI
simulation with a moving field of view from upper mid-abdomen to pelvis, and to
adapt plan “on the fly”. The location of the nodule was finally identified, allowing
to proceed with treatment. The lesion exhibited a significant change in the position
throughout all five fractions, moving at least 2 cm a day (3 cm average) and had a
maximum lateral movement of 5 cm. Thus, it would be nearly impossible to treat
the patient without daily adaptation. One year after treatment completion, patient
exhibited no further growth of the omental lesion and no acute or late abdominopel-
vic toxicities. Both of these cases presented the motion of the tumors far beyond the
boundary of the commonly used PTVs, especially for SBRT-type treatment. Similar
case was reported for a stomach cancer by Chun et al. [39]. Stomach is one of the
most deforming organs due to respiratory motion and differences in food intake on
day-to-day basis. A patient with multiple comorbidities, including end-stage renal
disease and liver cirrhosis, and a history of prior distal gastrectomy thus presented a
challenging case. Due to the high anatomical variability, daily adjustments of the
target volume and OARs were required. The adaptive treatment process took less
than 30 min overall. Patient only experienced CTCAE grade 1 nausea throughout
the treatment sessions, and the tumor was nearly resolved on post real-time endo-
scopic evaluation.

An example of the typical isodose coverage for the abdominal tumor treatment is
presented on the following figure (Fig. 7.2).

Fig.7.2 Isodose lines of a radiation treatment plan for a pancreatic adenocarcinoma patient deliv-
ered on an MR-LINAC. The plan is depicted in transverse, sagittal, and frontal view, and isodose
lines presented in various colors
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As can be seen on Fig. 7.2, typical OARs of particular concern usually include
duodenum, bowel, stomach, and kidneys. Spinal cord is usually less affected, but
nevertheless care should be taken not to let the static beams go directly through the
cord during the planning process.

When it comes to the particular organs, liver perhaps takes the lead of being the
most common target for the adaptive treatment. For patient with compromised liver
function, few local treatment options are available, with chemoembolization and
radioembolization being highly dependent on the liver function and lung shunting
percentage, with external radiation treatment being left as an only option. Numerous
studies confirm the feasibility of using MR-guided radiation treatment for liver
lesions, including hepatocellular carcinoma, cholangiosarcomas, metastasis of the
neuroendocrine tumors, colorectal carcinomas, and gastrointestinal stroma tumors
[40—44]. Boldrini et al. [45] provide a summary of the recent clinical studies on the

role of MR-guided radiation therapy in various institutions (Table 7.2).
For the illustrative purposes, an example of the treatment plan for the tumor
located in the liver is provided in Fig. 7.3.

Table 7.2 Recent clinical studies on the role of MRgRT in hepatic malignancies

Reference Year Dose No. of patients Response
Henke et al. 2018 50 Gy/5 fx Ten nonliver 3 months LPFS
[36] abdomen lesions, six | 95%, 6 months
MLL, four HCC LPFS 89.1%,
1 year OS 75%
Feldman etal. |2019 45-50 Gy/5 fx 26 HCC, two 1 year LC
[42] cholangiocarcinoma | 96.5%, 1 year
0OS 92.8%
Rosenberg 2019 Median dose 50 | Six MLL, six HCC, 1 year OS 69%,
et al. [43] (30— 20 MLL 2 year OS 60%
60) Gy/3-5 fx
Hal et al. [44] | 2020 Median dose 45 | Three pancreatic 7.2 months LC
(25— cancer, two HCC, one | 100%
60 Gy)/3-5 fx pancreatic metastasis,
four MLL
Luterstein 2020 40 Gy/5 fx 17 1 year OS 76%,
et al. [46] cholangiocarcinoma 2 year OS
46.1%, 1 year
LC 85.6%,
2 year LC
73.3%
Boldrini etal. |2021 50-55 Gy/5 fx Ten HCC 6.5 months LC
[40] 90%
ClinicalTrials. | 2019-recruiting | 50— 46 primary or 2 year LC lack
gov. 60 Gy/5-6 fx secondary liver of progression
NCT0424342 tumors according to
[47] RECIST
criteria

Adapted from: Boldrini, L., Corradini, S., Gani, C., Henke, L., Hosni, A., Romano, A., & Dawson,
L. (2021). MR-guided radiotherapy for liver malignancies. Frontiers in Oncology, 11, 1053
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Fig. 7.3 Isodose lines of a radiation treatment plan for a liver tumor patient delivered on an
MR-LINAC. The plan is depicted in transverse, sagittal, and frontal view, and isodose lines pre-
sented in various colors

An atlas of OAR contouring in the upper abdomen has been published by
Lukovic et al. [48] to provide the reference for adaptive radiation therapy for liver
malignancies. The use of contrast agents, especially gadoxetic acid, is especially
advantageous as it highlights the liver, improving the contrast between healthy and
tumorous tissue [49]. Superparamagnetic iron oxide (SPIO) also provides superior
liver tumor contrast, particularly in 0.35 T field, as described by Hama et al. [50].
MR compatible fiducial markers, particularly platinum-based, might also be advan-
tageous. In addition, various sequences can be used depending on the type of malig-
nancy, as noted by Namasivayam et al. [51]. Will et al. [52] provide a thorough
review of the current state of various approaches to the treatment of liver malignan-
cies, highlighting the importance of the MRI-guided workflow with online adapta-
tion in dose escalation and OAR sparing when facing large anatomical changes on
the day-to-day basis. The reduction in toxicity due to online adaptation has been
remarkable. In addition, authors suggest that the future venues of research might
enable the use of learning neural networks to predict the probability of toxicity,
extract the radiomic features, and thus reduce the need for biopsies, and, when com-
bined with genetic factors and tumor microenvironment information, allow to cus-
tomize radiation dose to different portions of the tumor and allow for prescription
variation on the day-to-day basis.
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Pancreas is another target of the adaptive radiation treatment that has been
attracting a lot of attention in the recent years. Notoriously difficult to detect and
often unresectable, it has long been characterized by high lethality and difficulties
in finding a treatment approach. Decreased toxicity and improved accuracy
offered by the adaptive MR-guided workflow provide a treatment solution to pre-
viously untreatable cases. Hassandazeh et al. [53] presented a study on 44 patients
with inoperable pancreatic cancer treated over the course of five years (2014-2019)
with 50 Gy in 5 fx. Majority of the patients had the tumor either abutting or invad-
ing the OARs. Late toxicity was limited to two grade 3 and three grade 2 (acc. to
CTCAE) toxicities. Median overall survival was 15.7 months, with one-year local
control reaching 84.3%. The minimization of toxicity allowed for significant dose
escalation and improved tumor control. Similar results were reported by Rudra
et al. [54], with higher overall survival being reported for patients with escalated
dose regimen.

Adrenal and renal metastases are also a frequent target of MR-guided adaptive
radiotherapy. In a study by Palacios et al. [55], 17 patients who were deemed poor
candidates for a traditional surgical approach were evaluated, with plan adaptation
required due to significant OAR displacement. Primary renal cell cancer treatment
with the use of MR-guided adaptive radiation therapy has been reported by Rudra
et al. [56], Tetar et al. [57], Kutuk et al. [58], with varying doses, all demonstrating
good tumor control in addition to decreased toxicity to the OARs. This is consistent
with the treatment results observed for other abdominal sites.

7.2.5 PelvicTumors

The anatomy of the pelvis, while undergoing less changes on the day-to-day basis
than the abdominal cavity, and not susceptible to the breathing-induced movement,
can nevertheless present a challenge for the daily positioning. Soft tissue contrast
provided by the MR-based imaging allows for better target localization. Several
sites have been considered for the feasibility of using MR-guided radiation therapy
with adapted workflow, with prostate being the most promising candidate. Improved
local control and decreased toxicity allow for hypofractionated treatment with a
significant dose escalation. Bruynzeel et al. [59] presented one of the first compre-
hensive studies conducted on 101 patients with T1-3bNOMO prostate cancer, with
no fiducial markers implanted, requiring daily adaptation of the OARs and the PTV
localization. Clinically comparable local control and significantly reduced GI toxic-
ity were observed. Urethral sparing was particularly noticeable compared to the
normal workflow. A later study on the same patient study was performed to investi-
gate the possible late-term toxicity [60]. All of the urinary and bowel syndromes
resolved within 12 months. The same group later investigated the drift of the extent
of the intrafractional prostate drift, which was exhibited in 20% of the cases [61].
Similar results were reported by Mazolla et al. [62] for oligometastatic cancer.
Several groups have attempted to implement MR-guided SBRT regimen, with the
results summarized in the following table [63] (Table 7.3).
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Table 7.3 Literature experience of MRgRT for prostate cancer

No.of |MR-Linac |Fractionation | Endpoint of the
Author patients | device schedule study Results
Alongi 20 Elekta 35 Gy/5 fx Dosimetric Hydrogel improves
et al. [64] Unity analysis and rectal sparing with
preliminary minimal impact on
PROMSs report QoL
Bruynzeel | 101 ViewRay 36.25 Gy/5 fx | Early toxicity G>2GU =23.8%,
etal. [59] MRIdian analysis >2Gl=5%
Cuccia 20 Elekta 35 Gy/5 fx Assessment of the | Significant impact
et al. [65] Unity impact of rectal on rotational
spacer on prostate | antero-posterior
motion shifts with
consequently
reduced prostate
motion
Tetar et al. | 101 ViewRay 36.25 Gy/5 fx | PROMs analysis | After one year,
[60] MRIdian only 2.25 of cases
reported relevant
impact to daily
activities due to
GU toxicity
Nicosia 10 Elekta 35 Gy/5 fx Dosimetric MR-guided SBRT
et al. [66] Unity comparison resulted in lower
between constraint violation
MR-guided rates
SBRT and
conventional
LINAC SBRT
Sahin 24 ViewRay 36.25 Gy/5 fx | Preliminary Substantial
etal. [67] MRIdian report of feasibility of
feasibility MR-adaptive SBRT
with acceptable
time schedules
Ugurluer 50 ViewRay 36.25 Gy/5 fx | Early toxicity Acute G2
at al [68] MRIdian analysis GU =28%, late G2
GU = 6%, late GI
GU =2%

Adapted from: Cuccia, F., Corradini, S., Mazzola, R., Spiazzi, L., Rigo, M., Bonu, M. L., ... &
Alongi, F. (2021). MR-guided hypofractionated radiotherapy: current emerging data and promis-
ing perspectives for localized prostate cancer. Cancers, 13(8), 1791

The possibility of further margin reduction and single-shot treatment is currently
being considered in prostate cancer. Possibility of the sexual function preservation
might also become possible as the MR-guided radiation therapy provides a better
sparing of the healthy tissue. This can also be an exciting prospect for the re-
irradiation cases.

Cervical cancer can also benefit from MR-guided radiation therapy. Boldrini
et al. [69] presented the first study conducted on eight patients that was compared to
the results of the treatment on a conventional linear accelerator. A significant
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reduction in both gastrointestinal and genitourinary toxicities was observed for the
patients undergoing MR-guided radiation treatment, with no difference in patho-
logical response observed between the two groups. This is consistent with the results
observed for prostate cancer treatment.

Ovarian cancer can also benefit from MR-guided radiation therapy. A study pre-
sented by Henke et al. [70] covers ten patients, initially prescribed 35 Gy in 5 fX,
with dose escalation permitted subject to strict OAR dose constraints. Only a single
grade 3 toxicity was observed. Local control at 3 months reached 94%.

Rectum is an organ that experiences significant day-to-day deformation, and rec-
tal wall can also be difficult to trace exactly on the cone-beam computed tomogra-
phy (CBCT). MRI provides better soft tissue contrast and enables exact GTV
localization. While the speculation of the use of MR-guided workflow has been
present in the literature, as of this moment, only one study has been presented.
Chiloiro et al. [71] conducted a study on 22 patients with colorectal cancer, with
86% exhibiting nodal involvement. As a result of the therapy, five patients reached
grade 3 gastrointestinal toxicity. No grade 3 hematologic or genitourinary toxicity
was observed. Improved local tumor control was observed.

Bladder is another target that is susceptible to significant anatomical changes. In
addition, MR imaging allows the visualization of the bladder muscle layer other-
wise invisible on the CT. Hijab et al. [72] discuss the potential MR-guided adaptive
workflow for bladder cancers, though as of this moment, no thorough study has
been conducted on a patient set.

Overall, the MR-guided radiation therapy presents a promising venue for the
exploration of new treatment regimens. Additional studies with a larger number of
patients are being conducted on various sites across the world, and with MR-equipped
linear accelerators becoming more and more widely spread, it can soon become a
standard of care. New developments are highly anticipated in the upcoming years.
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Image-Guided Adaptive Brachytherapy 8

Bradley Pieters and Taran Paulsen-Hellebust

8.1 Introduction

The developments in imaging and particularly its integration in the workflow of
radiotherapy have had a major impact in the way modern radiotherapy is advancing.
Highly conformal radiation treatment planning became possible since the introduc-
tion of the computed tomography (CT)-scan.

In 1960, Egan and Johnson [1] described a multisection transverse tomography
technique for head and neck implants. With this technique, they were able to recon-
struct an implant in three dimensions. Especially for large implants, this technique
gave more 3-dimensional (3D) insight and improved dosimetry. Munzenrider et al.
[2] published on the use of the CT-scan for radiotherapy and also the potential appli-
cation and benefits for contouring and brachytherapy dosimetry. In 1980, Lee et al.
[3] reported on a method to use a CT-scan after an intrauterine-vaginal application
in 20 patients. The CT images clearly showed the position of the applicator in rela-
tion to the pelvic organs. The authors also mentioned misplacement of the intrauter-
ine tandem. Besides anatomical and topographical information obtained from the
CT-scan, it was also possible to show isodose plots superimposed on the CT-scan.
Since then, more and more publications on the use of CT-scan for brachytherapy
became available, later on followed by other imaging modalities.
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Imaging for brachytherapy is used at several time points [4]. These are grossly
divided in: (1) before the implantation, (2) during the implantation, (3) for treatment
planning, and (4) connected to dose delivery and its quality assurance.

1. Before the implantation, imaging is used to prepare for the intervention.
Preparation consists of the choice of the applicator to be used and the desired
position of the applicator. This preparation is necessary to decide on the implan-
tation technique and procedure to be used.

2. During the implantation, imaging can guide the brachytherapist with the proce-
dure. It is of high importance to have the applicator placed in the correct position
for optimal dosimetry. Because of its flexibility to bring it to every operating
theater, ultrasound (US) is the most commonly used modality, although other
imaging modalities are also useful.

3. For treatment planning, to cover target volumes with the prescribed dose as well
as possible and to avoid dose to organs at risk (OAR) as much as possible, imag-
ing is essential in this respect. On the images, volumes of interest are contoured
and used in the treatment planning process. Several dose constraints can be
applied to (sub)volumes, which are used for calculation of dose distribution.

4. The last aspect of imaging is its use for quality assurance. After treatment plan-
ning, changes may occur that will influence the dose distribution and as such the
calculated doses on the different volumes of interest. These changes are caused
by applicator movement, tumor regression, and organ motion. By imaging just
prior to and during the course of brachytherapy (BT), the delivered dose can be
estimated much more accurately.

Nowadays modern brachytherapy is performed as image-guided adaptive brachy-
therapy. Imaging is essential for optimal placement of the applicator and conformal
treatment planning. Because of continuous changes that happen during the treat-
ment course, adapting to these anatomical variations is necessary. This is where
imaging plays an important role. Although imaging is applied to nearly all indica-
tions for brachytherapy, this chapter will restrict itself mainly to cervix and pros-
tate cancer.

8.2 (linical Aspects in Imaging for Cervix Brachytherapy

Traditionally, BT dosimetry for cancer of the uterine cervix was based on standard
2D plans. Prescription of dose was done on the so-called point A, which was a fixed
point related to the applicator used [5, 6]. This point A is easily identified on two
orthogonal pelvic X-ray radiographs. However, on the radiograph there is neither
visualization of the cervix and tumor, nor of the adjacent organs at risk such as blad-
der, rectum, and sigmoid. Fiducial structures, such as a Foley-balloon and rectum
tube can identify the position of these organs such that the dose to these organs can
be roughly estimated. Even so, a drawback of this approach is that there is no pos-
sibility to create conformal treatment plans and as a result, underdosage in tumor
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subvolumes can occur or overdosage to healthy organs. As a consequence, under-
dosage in parts of the tumor will lead to higher probability of tumor relapse, while
high dose to healthy organs is related to increased toxicity.

With the introduction of 3D treatment planning in BT, the possibility arose to
create conformal treatment plans, preventing the above problems of 2D planning
drawbacks as much as possible. With CT as imaging modality, it became possible to
contour whole organs and, in that way, calculate dose volume parameters. It was
evident that dose point values calculated on 2D radiographs did not correspond with
the maximum dose to CT-planning and point A dose being a poor surrogate for the
high-risk clinical target volume dose [7, 8]. Also, apart from the traditional dose
calculation on the bladder and rectum, with a CT-scan also estimation of dose to the
sigmoid and small bowel became possible.

An important development for the concept of image-guided BT was the intro-
duction of magnetic resonance imaging (MRI) in this radiation treatment modality.
With MRI, a new target concept for the treatment of cervix cancer was developed
with clear definitions of gross tumor volume (GTV) and clinical target volume
(CTV) [9, 10]. With MRI, in particular the GTV can be better identified than with
any other imaging modality. This element of the image-guided treatment approach,
together with necessary clinical information obtained from inspection and palpation
is the basis for the high local control rates achieved nowadays [11-14].

8.2.1 Ultrasound

US is ideal to use for guidance of the correct applicator positioning. The applicator
for cervix BT consists of two parts. The first part is an intrauterine tandem, which is
placed in the uterine cavity. The second part consists of two ovoids or one ring,
which are/is placed in the top of the vagina just touching the cervix. Placing the
intrauterine tandem into the uterine cavity using the intrauterine canal seems to be a
straight-forward procedure. However, in cases in which the external cervix ostium
cannot be recognized due to the presence of tumor or in which the tumor is blocking
the intrauterine canal, misplacement of the intrauterine tandem can happen. The
tandem may be placed in the uterus wall (myometrium) or even perforate the uterus
at the anterior or posterior wall. The incidence rate of uterine perforation during
applicator positioning is about 15% [15]. In such cases, no optimal dosimetry of the
BT application can be guaranteed, since the intrauterine tandem is not positioned
centrally of the tumor. In order to cover the whole tumor with the prescribed dose,
unacceptably high doses would need to be approved in the OARs, usually sigmoid,
bladder or small bowel. A method to prevent such misplacement of the intrauterine
tandem is by inserting the intrauterine tandem under abdominal US-guidance [16,
17]. With abdominal US, the cervix and the body of the uterus can be easily recog-
nized. Placement in the correct position in the uterine fundus is facilitated by guid-
ance in both sagittal and transversal view.

An important aspect of the BT procedure is the treatment planning for BT dose
distribution. For treatment planning, it is necessary to the contour target volumes
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and OARs, and to perform a reconstruction of the inserted applicator on the image
data set. The golden standard is to perform the contouring on MRI (see below).
However, ongoing studies aim to investigate the possibility of using US in the con-
touring process. The high-risk CTV (CTVyr) on US appears to be similar to MRI
and within the interobserver variability of MRI [18]. In practice, the CTVyy, as
contoured on transrectal US (TRUS), and a 3D library model of the applicator are
registered onto a CT image data set. Subsequently, the contoured target volume on
US is transferred to CT for the final treatment planning [19]. However, this work-
flow still has many imperfections that need to be resolved before it can be intro-
duced in clinical practice. This TRUS/CT-based approach can be a solution for
institutes with low access to MRI. A prospective study reported on high agreement
between MRI contouring and CT-based with TRUS-aided contouring [20].

8.2.2 MRI

A major break-through in image-guided adaptive BT for cervical cancer was the
introduction of MRI in the workflow. In 2005, the Groupe Européen de
Curiethérapie — European Society for Radiotherapy and Oncology (GEC-ESTRO)
introduced a target concept mainly based on MR images [9]. The concept has been
further developed in the ICRU report number 89 [10]. For target volume contouring,
both MRISs, the one at diagnosis and the other at time of BT, are considered.

On MRYI, the GTV can be easily identified as a high intensity mass on fast spin
echo T2-weighted sequences. During radiotherapy, the regression of the GTV is
apparent, and these changes are used for an adaptive approach of the treatment [9].

Another volume to consider according to this target concept is the CTVyg. This
volume represents the whole cervix including the presumed extracervical tumor
extension at the time of BT. The extracervical extension is assessed by clinical
examination, ideally performed at the initial staging and at the time of BT. On
T2-weighted MRI, this volume is recognized by so-called residual “gray”-zones in
parametria, uterine corpus, vagina, rectum, or bladder, and also includes any other
residual pathologic tissue on MRI.

The last volume to consider is the intermediate-risk clinical target volume (CTVy),
which carries a significant microscopic tumor load. This volume encompasses a mar-
gin of 5-10 mm beyond the CTVy and covers at least the tumor extension at initial
clinical investigation and staging of the disease before start of radiotherapy.

The definition of this target concept made it possible to also develop a dosimetry
system based on dose to the respective target volume, independent of the type of BT
applicator used. This dosimetry system based on volumes substantially differs from
the traditional systems based on dose points [21]. Besides defining doses to a vol-
ume and using this for dose prescription, also dose-volume parameters are defined
for OARs. These OAR parameters are used to guide in calculating an optimal treat-
ment plan. The OARs in the pelvic area can be either contoured on CT or MRI. There
is hardly any difference in dose values of the OAR when contoured on either of
these two modalities.
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The value of imaging and especially MRI is evident in the outcome of the retro-
EMBRACE and EMBRACE studies. A five-year local control rate of 89% is
reported in the retroEMBRACE study, with also high rates for stage IIIB tumors
(75%) [14]. Not surprisingly, the better local outcome is seen in case of an intracavi-
tary application combined with interstitial needle insertions [12]. This improvement
in local control was primarily enabled by the use of imaging techniques to better
depict the target volumes and to place of applicators in the correct position. Late
toxicity was found to be acceptably low, despite the high doses prescribed to the
CTVyy; 5-year grade 3-5 toxicity of 5% for bladder, 7% for gastrointestinal tract,
and 5% for vagina has been reported [14]. Further investigations in the successive
EMBRACE study show a strong association between dose-volume-histogram
(DVH) parameters and both local control and toxicity, emphasizing the importance
of adjustments of therapy based on information from imaging [22].

8.2.3 Image-Guided Adaptive Brachytherapy

With the introduction of imaging techniques, radiotherapy in general has evolved to
a high-tech treatment taking into account changes occurring during treatment. This
development is not different for BT. Adaptive BT considers tumor shrinkage and
organ changes, facilitating the adaptation of the given dose to different subvolumes
whenever necessary.

In the EMBRACE study, different patterns of parametrial invasion were recog-
nized; (1) expansive with spiculae, (2) expansive with spiculae and infiltrating parts,
(3) infiltrative into the inner third of the parametrial space, (4) infiltrative into the
middle third of the parametrial space, (5) infiltrative into the outer third of the para-
metrial space. Residual tumor after external beam and prior to BT was more often
present in patterns 3—5 compared to 1 and 2 [23]. As a consequence, patients with
patterns 3-5 resulted in having a larger CTVyy leading to high doses to larger vol-
umes. Conversely, if the response to external beam radio(chemo)therapy is good,
the target volumes can be reduced significantly.

To safely encompass large volumes, care should be taken to use appropriate
applicators in order to reach the periphery of the target volume, i.e., CTVyz and
CTVy. With the advent of 3D imaging in BT, new applicators have been developed
allowing the insertion of additional interstitial needles next to the standard intra-
cavitary component of the applicators [24, 25]. The interstitial needles can be
directed to the outer surface of the tumor volume to guarantee an optimal dose
coverage of these parts. The use of interstitial needles is more common for infiltra-
tive tumors than for expansive tumors [26].

Not only tumor shrinkage during external beam radio(chemo)therapy is of
importance to recognize, but also further shrinkage in between BT applications. In
BT, the OARs show the largest variations in dose to a certain volume of interest.
These variations are due to changes in shape and size because of filling and motion
of these organs, e.g., bladder, small bowel, sigmoid, and rectum. Larger variation in
dose occurs between applications (interapplication variation) than during one
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application (intra-application variation), with larger variations for sigmoid com-
pared to bladder and rectum. Mean dose differences of 7% between applications can
be expected for sigmoid with large variations between individuals [27]. No general
value for dose variation to OAR can be given, because this variation is not only
dependent on the specific OAR, but also on the treatment approach, e.g., number of
fractions or the use of a BT treatment plan for one or several applications [28]. This
expected variation on OAR dose between, but also during applications emphasizes
the importance of repeated imaging as part of quality assurance. For OAR assess-
ment, CT is as useful and accurate as MRI as opposed to the assessment of the GTV
as already mentioned above.

Next to calculation of the dose for every BT application, the total dose is given
by summing up the dose of the whole treatment, i.e., the entire course of EBRT and
all BT applications. For rectum and bladder, the most reliable method is by adding
up the DVH parameters of each fraction, which is a good approximation of the
given dose [29]. For organs that show larger motion, such as sigmoid and small
bowel, this method overestimates the dose. For these organs, deformable image
registration (DIR) may improve dose assessment, provided better models for DIR
are developed [30, 31].

8.3  (linical Aspects in Imaging for Prostate Brachytherapy
8.3.1 US-Guided Applications

Prostate BT became successful after the introduction of image-guided implantation
using US in 1983 by Holm et al. [32]. The technique, which has been the standard
approach for more than three decades, combines transrectal US with transperineal
implantations.

Two main prostate BT methods are regularly performed; low-dose rate (LDR)
and high-dose rate (HDR) BT. With LDR-BT, low activity-encapsulated sources of
about 5-mm long are placed in the prostate. These sources are introduced with hol-
low, open-end needles in the correct position. Treatment planning indicates the
position of the sources. By combining axial and sagittal US views of the prostate,
both the radial as the depth of source insertion can be assessed.

HDR-BT implantations are performed in similar way as LDR implantation in
lithotomy position. Instead of using the needles to insert radioactive sources, these
needles stay in place to be connected to an afterloading BT machine. Via the nee-
dles, a stepping-source remains on several positions in the prostate for dose delivery.

Developments in the field of prostate BT resulted in dedicated hard- and software
to aid with implantations. Systems allow for the import of US images into a BT
planning system for intraoperative treatment planning (see Fig. 8.1a). The template
mounted on the US probe, to guide needle placement, is calibrated with the coordi-
nate system of the US machine [33]. This enables planned virtual needle positions
to be exactly placed in the prostate via the template.
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Fig. 8.1 Images of a LDR prostate implant of the same patient. Panel A represents the preplan
with virtual positions of the needles (sequentially numbered) on ultrasound and the isodose distri-
bution. Panel B represents the postoperative dosimetry on CT-scan done 30 days after the implan-
tation. The actual position of the sources with isodose distribution is illustrated. The outer aqua
blue isodose line is the reference 100% isodose (144 Gy) line

One of the greatest advantages of real-time US imaging is the possibility of
dynamic dose calculation. Actual source placement for LDR-BT is recorded and
real-time dosimetry is provided. Also, prostate shape and size variations are consid-
ered. This methodology also allows for extra placement of sources if underdosed
areas are detected. The main drawback of only US-based dynamic dose calculation
is that not all sources can be detected with high accuracy. To resolve this drawback,
combined fluoroscopy and US systems have been developed and employed. X-rays,
from a C-arm fluoroscopy device, have much more accuracy in detecting source
positions than US [34]. Several multidirectional fluoroscopy images can be taken to
construct a 3D seed position distribution. As a next step, fluoroscopy-US registra-
tionis done to allow the calculated dose distribution be projected on the US-contoured
prostate gland. This technique showed dosimetric values of registered fluoroscopy-
US to be closer to postop dosimetry on CT or MRI than by US alone [35].

Ultrasound gives the opportunity for interactive treatment planning during pros-
tate HDR-BT. The first step in such procedure is to image the prostate gland. Then
a preplan is elaborated, including delineation of the gland and positioning of the
needles (see Fig. 8.2a) [36, 37]. When all the needles are inserted, using US guid-
ance, another image acquisition is performed and the treatment planning will be
performed using this image set. At this stage, there is still possibility to modify the
position of a needle or even place additional needles. A major challenge is that the
presence of the needles will preclude the image quality. Therefore, treatment plan-
ning systems usually allow transferring the initial gland delineation into the image
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Fig. 8.2 Images of a temporary prostate implant for HDR of the same patient. Panel A represents
the preplan with virtual positions of the needles on ultrasound and the isodose distribution. Panel
B represents the definitive treatment plan on MRI. The actual position of the flexible catheters with
isodose distribution is illustrated. The outer aqua blue isodose line is the reference 100% isodose
(15 Gy) line

set with the needles to guide the definition of the prostate in this second image set.
For HDR-BT, inverse optimization will usually give a good result in shorter time
than traditional forward planning using for example graphical optimization [38].

All these techniques allow the possibility to improve the dose distribution, by
either extra source placement or re-optimization of stepping source dose distribu-
tion, before the patient leaves the operation room.

8.3.2 (T during Implantation and CT Postplanning

When performing LDR-BT, a C-arm for fluoroscopy purposes can also be used to
make images of cone-beam-CT (CBCT) quality, as developed by Westendorp et al.
[39]. Both increase of Dy as Vo (i.e., the minimal dose D to 90% of the target and
the target volume V encompassed by the 100% isodose) was observed on day 30
postimplantation dosimetry by placing remedial sources because of foreseen under-
dosage during the implantation [39]. A 13% difference in biochemical recurrence-
free survival was found between patients having only US compared to patients
evaluated by CBCT with even an overall survival benefit for high-risk profile
patients [40].

For LDR-BT, immediate postimplant dosimetry can be obtained by dynamic
dose calculation. However, because of edema of the prostate occurring during the
implantation, calculated dose-volume (DV) parameters are not representative for
the whole treatment lasting several weeks. Prostate volume after implant can be
36% larger compared to the preimplant volume. Because of resolution of edema, an
increase of Vo and Dy, is expected in the following 30 days, with a largest effect
for initial “low” coverage implants [41]. In the recommendations of the European
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Society for Radiotherapy and Oncology (ESTRO) and the American Brachytherapy
Society (ABS), CT-scan postoperative dosimetry is recommended for dosimetric
analysis (see Fig. 8.1b) [42, 43]. Another reason besides recording of accurate DV
parameters is that postoperative dosimetry is also used for quality assurance. In this
way, the operator can evaluate his/her own achievements and use this knowledge for
quality improvements. Possible established low-coverage areas in the prostate can
be still corrected for by placing extra sources in this specific area. A third reason to
perform CT dosimetry after 4 weeks is to check if sources have migrated, causing
“cold spots” that can be corrected for [44]. On average, seed displacement of up to
3-5 mm has been reported dependent on the area of interest [45].

8.3.3 CT-and MRI-Based Treatment Planning

When performing implantation for HDR-BT, catheters/needles will stay in situ. One
option for treatment planning is to perform it based on US images. Further explana-
tion about this method is described in Sect. 8.4. After the implantation, these cath-
eters will be connected to the afterloader BT machine for the treatment itself.

A second option is to use CT or MR for treatment planning. In contrast to
US-based treatment planning, the patient needs to be transferred to a CT- or MRI-
scanner for imaging. The image dataset is imported to the treatment planning com-
puter and can be processed for treatment planning purposes (see Fig. 8.2b).

One reason to choose for CT- or MRI-based treatment planning is that catheters
can be better identified on CT and MRI compared to US. This will decrease the
catheter reconstruction uncertainty (see Sect. 8.4). However, it has been shown that
prostate gland delineation on CT is less accurate than on US resulting in a volume
of approx. 10% larger [46—48]. This is caused by a decreased visibility of the pros-
tate gland after implantation, thus leading to a delineation of the outer catheters
rather than of the prostate gland itself. In contrast, MRI identifies the outer contour
of the prostate much better than CT [49]. Also, the concordance of prostate volume
between MRI and US is better than between CT and US [50]. Dinkla et al. evaluated
CT-based treatment plans re-planned on MRI contours [51]. It appeared that the
new plans based on MR-contoured prostate resulted in 3% less V100, particularly
because of missing part of the prostate gland at the base, which was confirmed by
others [52]. This study showed also a 6—10% higher tumor control probability for
MR-based treatment plans compared to CT-based.

8.3.4 Focused Boost

The biggest advantage of MRI above all other imaging modalities is the ability to
visualize intraprostatic lesions (IL) [53]. By identifying IL, targeted dose deposition
can be accomplished within the prostate gland. This highly accurate and precise
dose deposition facilitates possibilities for focused and focal BT. Focused BT is
thereby defined as a higher dose given on an IL as part of treatment of the entire
prostate gland, whereas focal BT is treatment of the dominant intraprostatic lesion
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(DIL) as part of a partial gland treatment. For both techniques, it is of eminent
importance to visualize the IL.

In a proof-of-principle study, Pieters et al. [54] showed the value of identifying
ILs for dosimetry using contrast-enhanced ultrasound. The V4, on the IL increased
by as much as 45%, in case the localization of the IL on imaging was considered
during planning. Although the technique of using contrast-enhanced US for BT has
never been used clinically, it shows the importance of accurately locating IL for
high dose to these lesions.

Also MRI is routinely used for diagnosis and identification of the ILs. With mul-
tiparametric MRI (mpMRI), in which T1- and T2-weighted images are combined
with dynamic contrast-enhancement and diffusion-weighted imaging, accurate
localization of IL can be obtained. In a systematic review, a sensitivity of 58-96%
was reported, although the positive predicted value was only 34—-68%, emphasizing
the need for histologic confirmation [55]. Magnetic resonance spectroscopy can be
added for better identification of visible lesions.

As a next step, MR images are registered to the planning transrectal US images.
The identified ILs are transposed to the US images. For treatment planning, a stan-
dard single-dose of 10-15 Gy is prescribed to the prostate volume with an HDR-
focused boost on the DIL [56]. This procedure allows for further dose-escalation
within the visible ILs. A mean biologically equivalent dose of 140 Gy is reachable
on the DIL when combining external beam radiotherapy with HDR-BT [57].

Functional MR sequences offer a unique possibility to increase the dose to areas
with biological characteristics indicating radioresistance, not only in prostate
MR-based BT, but also in gynecological BT. This concept was explored by Rylander
et al. [58] for prostate BT and by Li et al. [59] for cervical cancer BT. In focal BT,
multiparametric MR imaging is a tool that can assist in defining the target volume
for such treatment [60].

A different approach to the use of focused boost is to de-escalate the dose to the
whole prostate gland, while maintaining or increasing the dose to the ILs. Preliminary
research has been performed to investigate this treatment approach [61]. The ratio-
nale of this approach is to maintain high dose to the tumor lesions itself while reduc-
ing toxicity by decreasing the dose to nonaffected parts of the prostate and the
surrounding structures and organs, such as nerves, bladder, and rectum.

When performing MR imaging after needle insertion into the prostate, there are
certain aspects of tumor visualization to consider. In case of treatment planning on
MR-images, it is still useful to have a preoperative mpMRI for identification of ILs.
Since trauma and edema effect the visibility, ILs are vanished on postoperative MR
images obstructing identification of these structures. In these cases, registration to a
preoperative MRI can be useful.

8.3.5 Focal and Partial Prostate Brachytherapy

Focal and partial prostate BT is a new treatment approach for patients with low-risk
disease or recurrent prostate cancer after previous radiotherapy [62, 63]. Some



8 Image-Guided Adaptive Brachytherapy 189

studies are already published and several trials are ongoing [64—69]. The introduc-
tion of mpMRI in the diagnostic workup of prostate cancer enables the identifica-
tion of the ILs with high accuracy, particularly if the tumor is more than 5 mm in
size and if it belongs to ISUP (International Society of Urological Pathology) grade
group 4-5 [53, 70]. To increase the diagnostic accuracy and to avoid missing low-
grade small size tumor lesions, biopsies mapping the prostate are part of the work-
up [71, 72].

LDR as well as HDR are useful techniques for focal BT. The margin to be
applied around the visible ILs in order to achieve adequate dose coverage is sub-
ject of current research. A margin of 5 mm has been found to be sufficient for this
purpose [73]. The use of MRI to US registration techniques is a prerequisite to
perform for treatment planning [74]. In that respect, there is no difference in the
approach of focal or focused boost technique. However, since focal BT does not
include treatment of the entire gland, the definition of the safety margin is more
critical.

8.4  Physics Imaging Aspects for Brachytherapy
8.4.1 Applicator Reconstruction Using MR and/or CT

As elaborated on above, modern imaging has enabled accurate and precise defini-
tion of the target volumes and OAR, and due to the steep dose gradients in BT,
highly tailored dose distribution can therefore be generated. However, to be able to
produce such optimized dose distribution, not only the anatomy should be visual-
ized, but also it is equally important to localize the applicator(s) or sources in the
images [75]. The choice of the imaging modality has even its implication on the
applicator to be used [76]. CT- and MR-compatible applicators have been developed
to be used in image-guided BT. A wrongly positioned source path can lead to con-
siderably under- or over-dosage [77]. This means that the optimal image modality
should visualize the patient’s anatomy as well as the applicator(s)/sources. Often,
the most optimal modality for depicting the anatomy is not optimal for applicators
or source localization and vice versa. For example, radiographic films (x-ray imag-
ing) visualize the applicator(s) or sources very well, but do not provide any soft
tissue contrast. Also, in CT imaging, the applicator(s)/sources or the lumen of a
rigid applicator used for gynecological BT is clearly visible (Fig. 8.3a). The lumen
of the applicator represents the source channel, and CT imaging will therefore be
excellent to localize the possible source dwell positions in an applicator. However,
CT imaging is of limited use, for example, to assess the boundaries of the tumor
versus the cervix/uterus and of parametrial invasion [75]. In contrast to CT, MR is
superior for defining the target volume for several BT sites [78, 79]. MRI could,
however, be prone to geometrical distortion and since there are large dose gradients
in BT, it is important to be aware of the magnitude of these distortions. The spatial
accuracy decreases with the distance from the isocenter of the magnet [80]. This
means that in prostate and gynecology BT, the distortions are smallest in the area of
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Fig. 8.3 Images from a patient with a ring/tandem applicator with three needles: (a) CT image
through the ring, (b) T2-weighted MR image through the ring, (¢) T2-weighted MR image in a
para-coronal plan showing one of the needles, and (d) the same image with a spyglass function
with CT information. During CT imaging, an x-ray marker string is used in the ring applicator,
while a marker tube filled with copper sulfate is used in the ring during the MR imaging

the implant. Wills et al. [81] showed that if appropriate sequences are used for a
field strength of 1.5 T together with distortion correction algorithms provided by the
manufacturers, the geometrical distortion is considered to be small (<2 mm) in the
region of interest in pelvic BT.

A major challenge in the use of MRI is the ability to reconstruct the applicator
[77]. Some applicators (e.g., steel applicators or shielded applicators) are not even
MR compatible and should not be used in combination with MR imaging. Plastic/
carbon fiber and titanium applicators are MR compatible and can be safely used. In
CT imaging, the source channel is readily visible, while this is not the case for MR
imaging. This means that some kind of marker is needed to visualize the source
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Fig.8.4 T2-weighted MR images from a patient with a ring/tandem applicator with three needles
in para-transversal (left panels) and para-sagittal (right panels) planes. In the lower panels, the
library applicator is imported and positioned in the MR images

channel, as shown in Fig. 8.3b [77, 82]. However, in most modern treatment plan-
ning systems, so-called library applicator files may be used to easily and accurately
reconstruct rigid applicators (e.g., plastic tandem-ring-applicator). The applicator
file includes information about the applicator surface dimensions and the source
path, can be imported into the MR images, and rotated and translated until it matches
the images. This technique is illustrated in Fig. 8.4.

Because of superior soft-tissue resolution of MRI, postoperative dosimetry with
MR images results in more reliable assessment of postplanning dosimetry. With CT,
the contouring of the prostate tends to follow the seeds, while on MRI better distinc-
tion of the prostate toward surrounding tissues is visible. CT is the most frequently
used image modality for postimplant dosimetry of permanent prostate seed implants,
but MR can also be used as suggested by Moerland et al. [83] in 1997.
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With CT the seeds can be easily identified, often with a computerized algorithm.
Using MR, however, such procedure is challenging. De Brabandere et al. [79] ana-
lyzed data from seven observers that reconstructed the seed positions on CT and
MRI images from three patients and found that the interobserver variability in seed
detection resulted in a standard deviation for the Dy, of 1.5% and 6.6% for CT and
MRI, respectively.

Even though TRUS is considered to be the gold standard for HDR prostate BT,
several groups have started to use MRI as a part of such procedure, either intraop-
eratively [84] or for treatment planning after TRUS-guided implantation [51, 85].

8.4.2 CT-MR Registration

As described above, it is in many situations not the same modality that fulfills the
two criteria of reproducing the anatomy and localization of the applicator(s)/sources
with high precision; CT could be the most optimal modality for reconstruction of
the applicator, while MRI could be better for target delineation. Additionally, the
availability of the image modalities is often different. Most centers do have easy
access to CT, while the capacity for MRI is often limited. This means that combina-
tion of CT and MR imaging could be the optimal solution in some situations, either
during the same session or for different fractions. For example, for centers with
limited access to MRI, Nesvacil et al. [86] described a technique using MRI for the
first BT fractions and CT for the subsequent fractions for adaptive treatment of cer-
vical cancer. For prostate cancer BT, a combinations of CT and MRI have been
suggested by De Brabandere et al. [79] and by Brown et al. [52]. When two image
modalities are combined, so-called image registration procedures are used and it is
important to understand the principles and limitations of such procedures. In a
newly published review, Swamidas et al. [30] explain the principle of image regis-
tration for gynecological BT and give an overview of studies addressing this topic.
If MR imaging modality is used for target delineation and CT imaging for applica-
tor reconstruction/source localization, it is important to evaluate the uncertainties
that are introduced by combining these image modalities compared to the uncertain-
ties that are present by using only one modality. If the applicator shifts it position
relative to the bony anatomy between the two image acquisitions, the target volume
and even parts of the OARs will move together with the applicator. It is therefore
recommended to use rigid registration with the applicator as the reference system
and not the bony anatomy to perform the registration between the MR and CT
images [77]. In rigid registration, minimum three points should be localized in both
image sets. Since the applicator appears differently in CT and MR images, it could
sometimes be difficult to define such points, often referred to as landmarks.
However, if a combined intracavitary/interstitial applicator is used, the unused nee-
dles’ holes will be filled by fluid and can be used as landmarks (see Fig. 8.3b).
Using MR imaging for applicator reconstruction during interstitial BT is usually
feasible with modern treatment planning system and well-designed MR acquisition.
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However, occasionally, it could be challenging to identify the tip of the needles
accurately. In such situation, a CT acquisition could be helpful to guide the needle
reconstruction, as shown in Fig. 8.3c, d.

8.4.3 Ultrasound and Brachytherapy

Accurately identification of the needles during US prostate BT could be challenging.
CT imaging is the gold standard for optimal geometrical precision in reconstruction
of needle positions. Schmid et al. [§7] compared needle reconstruction in a phantom
using CT and US. They identified two sources of errors using US. Firstly, using the
bright echoes in the transversal US images for localizing the needles will result in a
systematic error that has to be corrected for. Secondly, they observed challenges in
identifying the needle tip and errors up to 5.8 mm were observed. This latter chal-
lenge can be solved by measuring the residuals needle length, as described by Zheng
et al. [88]. Moreover, a biplane US transducer can be used and Batchelar et al. [89]
found discrepancies of more than 3 mm for only 3% of the needles when needle
reconstruction utilizing such transducer was compared with needle reconstruction
using CBCT. However, a biplane US transducer can potentially introduce systematic
shifts during the axial- to sagittal image registration step. Hrinivich et al. [90]
explored a yet another TRUS-imaging technique where the probe was rotated using
a motor and simultaneously captured the images in order to create a 3D image set.
For 12 patients, this method was compared with the method described by Batchelar
et al. [91] and found statistically significantly smaller insertion depth errors.

Since US is a rather inexpensive modality, widely available, and offers fast image
acquisition, it is interesting to use US for other body sites than the prostate. In cervi-
cal cancer BT, transabdominal ultrasound (TAUS) is primarily used to ensure a safe
applicator placement [16, 17]. A study on 192 cervical cancer BT patients where the
patients were imaged with both MRI and transabdominal US found that the differ-
ences between these two image modalities were within clinical acceptable limits
[92]. Mahanshetty et al. [93] also found an excellent correlation between TAUS and
MRI, but with limitations in the posterior uterine wall and in the highly relevant
areas of the parametrial space. Schmid et al. [18, 94] therefore explored the use of
3D TRUS for cervical cancer BT and demonstrated 3D TRUS to be noninferior to
T2-weighted MRI for defining the dimensions of the CTVyz. A full workflow,
including 3D TRUS, was tested in an in-house developed system by the same group
[19]. They found superior image quality by rotating the probe during image acquisi-
tion compared to a pulling back procedure. They also found that the applicator
reconstruction was challenging. In a test series, they were able to reconstruct the
applicator with acceptable precision only for 20% of the patients [95]. Thus, for the
time being it is not feasible to perform the whole procedure with 3D TRUS. Further
development of hardware, software, and operation procedures is required to increase
image quality to be able to delineate the target and to reconstruct the applicator with
sufficient precision.
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8.4.4 TreatmentPlanning

In external beam radiotherapy (EBRT), the median dose to the target volumes is
usually used for normalization and reporting. Due to the very steep dose gradients
in BT, such procedure will not work since this will lead to very low minimum dose
to the target. Therefore, the minimal dose to 90% of the target volume, referred to
as Dy, is usually used for evaluation and reporting in BT. Moreover, evaluation and
reporting of dose to OARs are different in BT compared to EBRT. In BT, the dose
to the most exposed part of the organ is used, for example the dose to the 2 cm® most
exposed volume, referred to as D,.,,’>.

Traditionally, the prescribed dose is referred to as the dose the patients should
receive and it is determined before the treatment, typically by specifying the frac-
tionation schedule. Usually similar patients (same diagnosis, stage, type of treat-
ment, etc.) will be treated with similar fractionation schedule. However, during 3D
image-based BT planning, an individualized optimization will be performed result-
ing in different dose distribution from patient to patient and reflects the dose the
patients receive. Therefore, for 3D image-based BT, the goal for the treatment plan-
ning is now referred to as the planning-aim dose and the prescribed dose is achiev-
able dose to a specific volume of the target (e.g., Dyy) [10]. The prescribed dose
could be equal to the planning-aim dose, but is often not.

What you are able to achieve during the optimization is closely related to your
implant and to the applicator(s) that is used. For example, to have an acceptable Dy,
for a large CTVyR in cervical cancer implants without increasing the dose to the
organs at risk, it is usually necessary to use a combined intracavitary/interstitial (IC/
IS) applicator [96, 97]. To use such technique, 3D imaging is required. Data from an
EMBRACE cohort showed a better dose conformity for intermediate and large
CTVy volumes when IC/IS applicators were used, compared to only IC [98].
Furthermore, the retroEMBRACE data showed the 3-year local control rate was
10% higher for IC/IS patient compared to IC patients with no increase in the
treatment-related morbidity for patients with CT Vg > 30 cm? [12].

The dose to the recto-vaginal-point [ICRU 89] correlates with vaginal stenosis
according to an analysis performed by Kirchheiner et al. on 630 patients from the
EMBRACE study [99]. They suggested to keep the dose to this point <65 GY
EQD2 (EBRT + BT). This can be achieved by de-escalating the dose in the vaginal
part of the implant. Such procedure can only be performed with 3D image-based
treatment planning.

8.5 Conclusion

Imaging in brachytherapy is used on subsequent time points. Before the implanta-
tion of an applicator, imaging will help in the decision of how to perform the inva-
sive procedure and where to exactly place the applicators.

Image-guided insertion of applicators have resulted in an improvement of well-
placed applicators and as a consequence better dosimetry and treatment outcome.



8 Image-Guided Adaptive Brachytherapy 195

Imaging is essential as part of treatment planning. Traditional dose prescription,
recording, and reporting on dose points have been replaced by volumes. Target vol-
ume concepts are necessary to design conformal treatment plans with specific doses
on subvolumes. The optimal image modality should reproduce both the anatomy and
localization of the applicator(s)/sources with high precision, but in many situations it
is not the same modality that fulfills these two criteria. Eventually a compromise is
necessary or the different imaging modalities need to be registered to each other.

Imaging lastly serves quality assurance purposes. It provides information on the
actual dose that occurs because of applicator movement, tumor regression, and
organ motion. This information is not only important to register, but also to take
measures for adapting the treatment.
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9.1 Ultrasound-Guided Radiotherapy

Ultrasound (US) is an imaging modality, which has been known mainly for its
applications in radiology: for example, foetal scanning, cardiac diagnostics, sports
injuries evaluation or breast cancer investigations. But its popularity has grown in
recent years also for quantitative applications, such as localisation, definition and
tracking of structures or tools [1, 2]. It is cost-effective, radiation-free, portable and
with excellent imaging characteristics, among which virtually unlimited resolution
and high soft tissue contrast. Moreover, the image creation process (see Sect. 9.2) is
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inherently real-time and, in advanced systems, volumetric. This combination of
properties makes US the only 4D modality currently suitable for applications in
radiotherapy (RT) bunkers or in operating theatres.

In the RT workflow, US is clinically used to help contour the target and the clini-
cal structures, to set up the patient prior to treatment fractions, and to monitor the
position of the tumour during treatment delivery [2, 3]. The advantages over other
more established modalities for inter-fraction patient setup, such as films [4], elec-
tronic portal imaging (EPI) [5] or Cone-Beam CT (CBCT) [6], are that US can use
soft tissue for alignment, while the others typically rely on bony structures. This
approach is more effective when relative changes happen between the target and the
bony structures between the simulation and the treatment stages. Other modalities,
which allow (to various degrees) soft tissue tracking, such as implanted markers or
MRI, are invasive (the former) or are extremely more expensive (the latter). For
intra-fraction monitoring, instead, the main competitors are the global positioning
system (GPS) for body localisation [7, 8], which is also invasive and is potentially
prone to migration of the beacons; fluoroscopy, which only provides projected pla-
nar information [7] and optical surface guidance [9], which only tracks the surface
of the body of the patient, which does not necessarily always show reliable spatial
correlation with the internal structures for which it acts as surrogate.

Traditionally, US has been regarded as an operator-dependent modality because,
especially in its diagnostic aspect, it relies heavily on user’s skills and expertise. In
literature, studies have shown significant inter-operator variability when quantita-
tive applications are considered [10, 11]. Other challenges introduced by the use of
this modality include, among others, possible probe-induced tissue displacement
[12, 13], interference with the treatment beam [14], loss of acoustic coupling during
the treatment, localisation errors produced by aberrations [15] and limited field of
view. In recent years, though, several improvements have been introduced and, most
importantly, innovative approaches have been envisioned, to minimise these limita-
tions. These include new scanning protocols, aberration correction algorithms [16],
advanced transducer technologies, improved image formation methods, robotic
probe holders [17], viscous coupling gels, automatic image interpretation [18] and
automatic probe positioning [19].

Historically, the first US systems started to appear in mid-90s [20] and were
mainly focussed on post-surgery breast seroma localisation for electron boost treat-
ments. The first commercial product, the B-mode Acquisition and Targeting (BAT)
system (Best NOMOS, Pittsburgh, PA) using a 2D probe and a mechanical arm to
track the transducer, was initially developed for prostate localisation [21]. Other
systems introduced later replaced the arm with optical or infrared cameras for probe
tracking, an approach that also allowed the acquisition of manually swept 3D vol-
umes. These included the Sonarray system (Varian Medical Systems, Palo Alto,
CA), the Restitu System (Resonant Medical, Montreal, Canada; now Clarity system
Elekta AB, Stockholm, Sweden) and the Exactrac US Module (Brainlab AG,
Munich, Germany). Also the BAT system has eventually implemented infrared
camera tracking and is currently marketed as the BATCAM. Together with the
Clarity system (Fig. 9.1), it is the only commercial product clinically available at the
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Fig. 9.1 Clarity autoscan system (images courtesy of Elekta AB, Stockholm, Sweden): the trans-
perineal US (TPUS) probe is positioned against the perineum of the patient to scan the prostate. (a)
US probe holder and patient support. (b) US beam volumetrically scanning the target and the
organs at risk. (¢) Setup and monitoring software in the control room

time of writing this book chapter. Besides the two main clinical sites of interest for
US guidance, as mentioned, i.e. prostate [22] and breast [23], several other body
regions have been investigated and clinical applications are already available for
some of them, including liver [24], uterine cervix [25], upper abdomen [26], pan-
creas [27], gallbladder [28], head and neck lymph nodes [29] and bladder [30].

In this chapter, after this initial introduction to the topic, in Sect. 9.2, the main
concepts of US imaging are introduced, from the basic principles to image forma-
tion; then the contribution of quantitative US in the RT workflow is discussed in
Sect. 9.3, with particular attention to the most advanced applications and future
vision, besides what is currently already available clinically. The following Sect.
9.4, presents the applications of US for guidance prior (inter-fraction) or during
(intra-fraction) each treatment fraction, reporting the main works in literature for
each clinical site. In Sect. 9.5, automatic applications are investigated from the most
traditional image processing tools to the most innovative machine learning-based
techniques. Finally, in the last Sect. 9.6, future directions are explored, with particu-
lar attention to new treatment techniques and innovative applications.

9.2  Ultrasound Imaging Technology
9.2.1 Basic Principles of Ultrasound Imaging
US in medical imaging uses high frequency sound waves transmitted into the body

to create an image of a person’s internal anatomy. Short ultrasonic pulses (at a fre-
quency higher than the human ear can detect) can be imparted into the human body,
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and the echoes of these pulses can be captured to form an image of the internal tis-
sue. Differentiation between the types of tissues shown on the resulting image is
made by the strength (amplitude) of the returning echoes, and is demonstrated as a
grey-scale image.

Sound waves are generated and returning echoes are detected by a device called
a transducer, which is typically made from tiny piezoelectric crystals. These allow
the conversion of electrical signals into sound waves (for transmission) and sound
waves into an electrical signal (for detection). The crystals transmit sound in a very
short pulse and then listen and wait for the structures in the path of the ultrasound
beam to reflect returning echoes. The transmission of sound waves accounts for less
than 1% of the transducer’s total functioning time, with 99% of operating time spent
detecting and amplifying the returning echoes.

Returning echoes, which have been detected, amplified and digitally processed,
are displayed on the US monitor using a grey-scale (from black to white). Tissues,
which produce a stronger reflection, are displayed in lighter shades of grey or even
white, while black pertains to an absence of returning echoes, meaning that the
sound waves transmit directly through that structure without any reflection. Grey-
scale US images may therefore be described as B-mode (brightness modulation)
images, because the amplitude of the echoes returning to the transducer is used to
modulate the brightness of the image.

9.2.2 Attenuation of Ultrasound

When an US beam is propagated through soft tissues, it reduces in amplitude and
intensity by losing energy. This is called attenuation. Different types of tissue atten-
uate the US beam at different rates; for example, US attenuation in bone is much
greater than the attenuation in the liver. The rate of attenuation of the US beam is
also dependent on the frequency of the sound waves being generated by the trans-
ducer. Low-amplitude returning echoes will have insufficient effect on the crystal to
generate a signal, therefore there is a practical limit to the tissue depth capable of
generating an image. There is a trade-off between image resolution and penetration
inherent in all US imaging. In general, higher frequency sound waves give a greater
spatial resolution image, but they are much more readily attenuated, thus limiting
the tissue penetration. Lower frequency sound waves allow for a greater possible
depth penetration, but spatial resolution is compromised.

The strength of the returning echo also depends on the difference in tissue density
and compressibility between the various body organs. The greater the difference between
two organs, the stronger the echoes from the interface defining the margins between the
two organs will be. Thus, organs of vastly different acoustic impedance (for example,
the liver and gallbladder) will be much more readily differentiated on an US image than
organs with similar acoustic impedance (for example, the liver and kidney).

In US imaging, the beam can be attenuated in four main different ways: reflec-
tion, refraction, scattering and absorption (Fig. 9.2). Reflection refers to the
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Fig. 9.2 Four different types of attenuation: from the left, reflection, refraction, scattering and
absorption effects on the US beam from the US probe (transducer) through the tissues

interaction between the US beam and the interface between two structures of differ-
ent acoustic impedances. At this point, some of the US beams are reflected back to
the transducer as an echo, and the remainder of the US beam is transmitted into the
deeper structure. The amount of energy reflected at the interface depends on the
angle that the US beam is propagated onto the interface and the degree difference in
acoustic impedance between the two structures. Where the angle of incidence of the
US beam to the interface is 90°, the greatest amount of energy is reflected back to
the transducer, creating a very bright signal called ‘specular reflection’. As the angle
of incidence of the US beam moves away from 90°, the amplitude of the returning
echoes gradually decreases. Refraction is the deviation in the path of the US beam,
caused by the beam passing through an interface between tissues with different
speeds of sound, and by the interface between the tissues being not perpendicular.
The degree of refraction and the angle of the refraction depend on the relative speeds
of sound in the two different tissues. The resulting image may be displayed as a
duplication or ghosting appearance of the structures, and may mislead the observer.
US beam refraction is often referred to as an acoustic artefact in US (an appearance
that does not accurately correspond to the anatomical characteristics being imaged)
and is usually an undesirable degradation to the image. Scattering occurs when the
US beam interacts with an acoustic interface, and results in attenuation of the US
beam. Scattering at an angle perpendicular to the US beam is reflection. Scattered
echoes of tiny interfaces within the tissue that are propagated back to the transducer,
allow an image of the tissue to be formed. Thus, the strength of the returning echoes
in tissue is not determined by the tissue density, but rather by the scatter of the US
beam. Absorption refers to the transfer of the US beam energy. Absorption of sound
produces a thermal effect on tissues, and accounts for the majority of US beam
attenuation in diagnostic US.

The total beam attenuation in any given circumstance can be attributed to mul-
tiple processes, for example, an US beam transmitted through a kidney may be
subject to absorption, scattering and reflection, whereas an US beam transmitted
through lung tissue may be almost entirely attenuated by reflection.
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9.2.3 Speed of Sound

US machines rely on the assumption that the speed of sound in soft tissue is always
1540 m/s. This assumption is incorrect, but because the US beam always travels
through several types of body tissue in any one image, an average value must be
taken to allow the machine to calculate the depth at which to display each returning
echo [31]. In actual fact, the propagation speed varies subtly from 1540 m/s with
each different tissue type, and can vary greatly with tissues such as bone and lung.
This difference in propagation speed often leads to depth artefacts in the US image,
where the displayed image does not accurately correspond to the tissue encountered
in the US scan plane.

9.2.4 Ultrasound Transducers

An US transducer is a bidirectional piezoelectric device used to generate a sound
wave and to receive returning echoes. The piezoelectric crystal component of the
transducer converts the electrical pulse into acoustic energy (sound wave) in trans-
mission, and acoustic energy to an electrical signal on reception of the echo. The US
transducer is the most critical component of the US system because of its role in
influencing image quality, dependent on the transducer’s spatial and contrast
resolution.

The main type of transducers used in real-time diagnostic US is an array trans-
ducer, where the piezoelectric crystals are arranged in separate parallel segments
known as crystal elements. Diagnostic US transducers typically operate between 2
and 18 MHz (around 1000 times higher frequency than audible sound). US trans-
ducers are usually named according to the frequency of the US that they operate at,
for example, a linear array transducer operating over a range of 9-5 MHz may be
referred to as ‘L9-5".

9.2.5 Image Formation and Different Types of Imaging

The basis for image formation in diagnostic US is the ‘pulse-echo’ principle. Short
pulses of sound are generated by the transducer and transmitted into the patient. The
echoes generated by the US beam attenuation are received by the transducer and
then processed and displayed in a grey-scale format. The amplitude of the returning
sound waves determines the brightness of each element in the displayed image. This
echo information can be displayed in several different forms or modes. A-mode
(amplitude modulation) is a one-dimensional display of echoes as a series of peaks
on the display. The amplitude of the echo is represented on the Y-axis and the dis-
tance or depth is represented on the X-axis. The main application of A-mode US is
in ophthalmology to accurately calculate ocular dimensions. B-mode produces a
two-dimensional image, and is the most common mode of US display. The US
beam is ‘tracked’ for the duration of the scan, allowing the transmitted US beam
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position and orientation to accurately determine the origin and strength of the
returning echoes in two dimensions. M-mode (motion mode) is a continuously
updated B-mode display from a single line of sight, mostly used in echocardiogra-
phy. The US beam is kept in a fixed position and transmits and receives along this
single axis. The echo display is swept along the X-axis (time) on the monitor, and
any vertical movement along the axis of the US beam is recorded along the Y-axis
of the display. M-mode thus provides information about the movement (speed and
acceleration) of an individual structure.

US imaging allows for visualisation of anatomical structures that are difficult to
visualise with other image modalities. For example, the urethra is difficult to identify
on a CT scan [32], while it is typically clearly visible in a US volume. In addition to
B-mode imaging, there are several other imaging techniques currently clinically
available or being investigated that fall under the US imaging umbrella. The most
known one is probably Doppler [33], which allows for imaging of blood flow in the
vasculature. As tumours typically have a different vasculature than the surrounding
normal tissue, this approach has been used to assist in target identification. US elas-
tography allows visualisation of the shear elastic moduli of different tissues [34], in
other words, the stiffness of the tissues. Also in this case, tumour tissues typically
have different stiffness characteristics than normal tissue. Combining these addi-
tional tissue-typing modalities with a B-mode US image and the simulation CT scan
could potentially result in more accurate treatment planning [35].

9.3  Ultrasound in the Radiotherapy Workflow

US imaging can be of use during several phases of the RT workflow (see Fig. 9.3).
This image modality allows for visualisation of certain anatomical structures or tis-
sue properties that cannot or only poorly visualised with other image modalities.

Treatment fraction 1 i Treatment fraction 2
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Patient 8 Patient Dose Patient Dose
anatomy ) E8  setup delivery § setup delivery
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-
\\\\ ¢ s\\\\
i "
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Fig.9.3 Typical RT workflow with US imaging included for both inter-fraction and intra-fraction
motion monitoring during one treatment fraction
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For this reason, information from the US images could be used to help identify the
target and/or organs at risk for treatment planning purposes [36]. In addition, it can
also be used for both inter- and intra-fraction motion monitoring of a variety of
anatomical structures, such as prostate, uterine cervix, liver and pancreas [2, 3, 22].
The motion monitoring possibilities are covered in more detail in Sect. 9.4, while
US imaging for treatment planning purposes can be found in this section.

Despite the several roles that US imaging can fulfil in RT workflows, its use in
these workflows is not yet widespread. This can be partially attributed to the need
for a skilled operator to acquire and interpret the US images. This operator needs to
position the US probe on the body of the patient and, while moving it around, inter-
prets the live images to understand if the correct anatomical structures are visualised
with sufficient quality. Typically, the technicians who are responsible for patient
setup and monitoring during both simulation and treatment stage are not trained to
acquire US images. For this reason, it is paramount to introduce automation into the
ultrasound-guided radiotherapy (USgRT) workflows to allow for, for example, US
probe setup guidance [19], image quality assessment [18] and automatic segmenta-
tion [25]. Section 9.5 dives deeper into automatic US image processing.

To allow for treatment planning and/or accurate motion management using US
imaging, the US images need to be registered to the CT-scan coordinate system, as
this is the coordinate system, in which the treatment plan was prepared. As intro-
duced in Sect. 9.1, the newest USgRT systems have US probe tracking functionality,
which, after calibration, allows for this registration. Ideally, the US images at the
simulation stage would not only be registered to the CT coordinates, but also
acquired simultaneously with the CT scan. In this way, anatomical structure shifts
in between both image acquisitions due to, for example, probe pressure effects [17,
37, 38] can be avoided.

Currently, this simultaneous US-CT acquisition is not performed in clinical
practice for a number of reasons. First, probe tracking systems typically do not
allow tracking inside the bore of the CT. Secondly, the US probe contains metal
components and if these components are present in the beam path of the CT scan-
ner, they may create aberrations in the CT scan [39]. This could significantly dete-
riorate the resulting CT scan and so affect the quality of the RT treatment plan that
can be prepared based on this scan. Schlosser and Hristov [39] have developed a
translucent US probe that allows for 4D US imaging while causing minimal inter-
ference with the CT scan, specifically intended for use during RT workflows. This
US probe is, however, not clinically available yet. For this reason, at the simulation
stage of the RT workflow, the US image is typically acquired right before or after
the CT scan.

To allow for intra-fraction motion monitoring (see Sect. 9.4), US images have
to be acquired continuously while the radiation dose is being delivered. This
raises a similar issue as with the simulation CT scan: the presence of the probe in
the path of the radiation beam could potentially result in dose delivery errors. In
literature, several solutions have been proposed for this issue, including the earlier
mentioned translucent US probe [39]. Other solutions are the complete avoidance
of the US probe during radiation delivery [17] or irradiation through the probe
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while possible dose deviations have already been taken into account during treat-
ment planning [40].

The possible interventions that can be performed when inter- or intra-fraction
motions are detected primarily allow for the correction of rigid motion, for exam-
ple, by moving the treatment couch or by gating the radiation beam. In order to also
correct for tissue deformations, a change of the treatment plan is often necessary.
For this reason, adaptive RT strategies have been introduced by Yan et al. [41]. In
adaptive RT, there are two main approaches followed: the first approach focusses
on correction of systematic anatomical changes that have occurred between simu-
lation and treatment stage. This so-called ‘triggered replanning’ can be performed
at specific time slots in the treatment trajectory, for example, after delivery of a
certain amount of dose; half-way during the treatment; or when under-dosage of
the target is likely [42—44]. The second approach does not focus on systematic
changes, but instead it corrects for daily changes in the patient’s anatomy. To
enable this correction, a library of treatment plans can be prepared prior to treat-
ment commencement. Subsequently, some type of imaging has to be performed at
every fraction to understand which treatment plan from the library will be used as
the plan of the day (POTD) [45, 46]. It is also possible to generate the plan of the
day prior to the treatment fraction during online replanning instead of selecting it
from a library.

US imaging could provide the anatomical information required for both adaptive
RT strategies, especially because right now it is the only volumetric imaging modal-
ity that allows for real-time image acquisition in a RT environment. For both strate-
gies, it is important to understand how the anatomical structures have shifted and
deformed over time. This implies that the segmentation and tracking of these ana-
tomical structures on US images are critical. These topics are both extensively cov-
ered in Sect. 9.5.

At the time of writing this chapter, there are three publications available in litera-
ture that look into solutions for adaptive RT based on US imaging. Two of them
focus on the generation of pseudo-CT scans based on deformable registration of US
volumes [47, 48]. These pseudo-CT scans could potentially be used for (online)
replanning purposes without the need to acquire an additional CT scan. The other
publication compares the use of US imaging and CBCT specifically for the terms of
adaptive RT of patients with cancer of the uterine cervix [49]. More research is
necessary to further explore these promising directions.

9.4 Inter-Fractional and Intra-Fractional Organ Motion
Estimation Using Ultrasound

This section summarises the main clinical applications of USgRT. State-of-the-art
image-guided radiotherapy increasingly relies upon direct imaging of the tumour
and surrounding soft tissues [50]. In turn, new imaging technologies are contribut-
ing to the development of high-precision delivery methods, such as stereotactic
body radiotherapy (SBRT) and ultrahypofractionation [51-53]. As mentioned
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previously, US as one such technology, is characterised by excellent soft tissue con-
trast, an ability to scan in real time and to produce both volumetric and 4D images.

NOMOS BATCAM and Elekta Clarity, introduced in Sect. 9.1, are the only com-
mercially available USgRT systems. Both are capable of inter-fraction image guid-
ance and have been used for a variety of applications. Clarity, specifically, has been
approved for monitoring intra-fraction prostate motion during RT delivery [54].
Early clinical applications are extensively summarised in two review papers by
Fontanarosa et al. [2] and O’shea et al. [3]. More recent studies are discussed in this
section. No recent reports of BATCAM have been identified, so this section will
focus primarily on applications involving Elekta Clarity [22].

Two types of probe are available for use with Clarity: transabdominal (TAUS)
and transperineal (TPUS). TAUS probes are used for freehand scanning of the abdo-
men during patient setup, which can lead to significant tissue motion and increased
geometric uncertainties as a result of probe pressure. Even so, TAUS patient studies
have demonstrated improvements to uterus localisation and segmentation in RT
planning and adaptation [55, 56].

A TPUS probe affixed to the treatment couch is used for patient setup and intra-
fraction monitoring during prostate radiotherapy. The fixation device mitigates
variations in probe pressure, enables remote scanning during beam delivery and
transperineal imaging ensures the probe remains outside the treatment beam field
during therapy. Elekta Clarity is approved for prostate and post-prostatectomy
(prostate bed) RT, hence a majority of studies address this clinical application.
During treatment, prostate displacement is characterised by a slow anterioposterior
drift caused by muscle relaxation, punctuated with abrupt shifts associated with
muscle clenching and gas passing through the rectum [57, 58]. Intra-fraction motion
ranges from <2 mm to shifts >10 mm across acquisition times spanning 100-600 s,
with displacement magnitude correlated to fraction duration [54, 59-62].
Subsequently, margin size estimates increase during the first 15 min of monitoring
up to maximal values of 4.29 mm superior-inferior, 1.84 mm left-right and 4.63 mm
anteroposterior [63].

USgRT accuracy is typically quantified through comparisons against other well-
established image guidance technologies. The current gold standard is cone-beam
CT in combination with implanted fiducial markers, which are clearly visible in the
resulting images. TPUS intra-fraction prostate motion monitoring was validated
against both CBCT/electronic portal imaging (EPI) and implanted electromagnetic
(EM) transponders (RayPilot: Micropos AB, Sweden). The different techniques
were found to be comparable, with 95% limits of agreement <3 mm ([59, 60, 64].
Both EM and Clarity struggle to estimate prostate rotation, although Clarity errors
were typically larger at 6.9 mm for 15° rotations compared to 3.8 mm for RayPilot.

Inter-fraction 3D TAUS guidance was reported as comparable to CBCT [65].
Moreover, improved concordance with CBCT for prostate and prostate bed match-
ing was reported when using TPUS [66]. The improvement was attributed to reduced
probe pressure and increased image quality. Guidance published in 2011 from
AAPM Task Group 154 identified localisation uncertainties between US and CBCT
of 3-5 mm; however, these early studies were performed using TAUS probes [67].
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Average setup differences between CBCT and US of 6 mm have been recorded [68].
As CBCT with markers is the current gold standard for patient setup, it was con-
cluded that this guidance method should be combined with US intra-fraction moni-
toring to capitalise on both techniques’ strengths.

Motion estimation is still an ongoing challenge in USgRT. Elekta Clarity incor-
porates a 3D registration algorithm for tracking rigid prostate motion across six
degrees of freedom during intra-fraction monitoring; however, it is susceptible to
large rotations (>15°) [59]. Furthermore, real-time deformable registration algo-
rithms are yet to be clinically implemented and manual registration is still used for
daily inter-fraction matching. To realise the advantages associated with US imag-
ing, improvements in automating registration are required to ensure the next genera-
tion of adaptive RTs can be delivered. Numerous methods have been reported,
including template matching, feature-based approaches and hybrid B-spline regis-
tration [69-71], all showing potential in USgRT.

In addition to prostate applications, daily positioning and intra-fraction monitor-
ing during breath hold for liver SBRT have been studied [72]. The liver is suscepti-
ble to respiratory motion and multiple breath holds are required during treatment, so
image guidance is particularly desirable [73, 74]. A mean error of 5.4 £ 3.3 mm was
reported between CBCT and TAUS for inter-fraction positioning, while intra-
fraction motion >10 mm was identified in 0.8% of cases, underscoring the need for
real-time motion monitoring. The same study reported monitoring diaphragm
motion as a surrogate for abdominal lesions that could not be directly imaged with
TAUS [75]. Other applications explored include: Intra-fraction monitoring of the
diaphragm combined with intermittent kV imaging in lung cancer patients undergo-
ing RT [76]; monitoring of the pancreatic head and surrogate structures in pancre-
atic RT patients [77] and monitoring of lumpectomy cavity motion during breast
RT—where treatment margin reductions of 1-2 mm were reported [78].

For all applications, it is of utmost importance to adequately train the staff to
achieve the desired efficacy of US image guidance, e.g. during RT of the prostate or
prostate bed [79].

9.5 Automatic Image Processing Applications

As described in Sect. 9.3, US imaging in external-beam RT is not used at its full
potential, yet, mostly due to the inherent complexity of US image acquisition and
interpretation. To make the use of US imaging more widespread, automatic image
analysis needs to be enabled to extract the useful information from the US images.
This could produce enormous benefits if implemented in clinical practice.
Automation will allow for: fast and precise patient setup; reduced clinician training-
time; minimised inter—/intra-operator variability; inter-/intra-fraction dose re-
calculation; facilitated offline and online adaptive strategies and possibly enabled
real-time treatment adaptations. Section 9.4 reports on the commercially available
systems and the current use of US in RT, which has applications for prostate, liver,
uterine cervix, pancreas and breast cancer. In this section, the existing US-based
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automatic image processing techniques are covered, which were implemented for
these body regions and could be applied at different stages of the EBRT workflow.

In the literature, many studies investigated prostate automatic segmentation on
TRUS images [80]. TRUS is not typically utilised for USgRT since it is invasive and
the US probe would interfere with the treatment beam path. However, this type of
scan could be used in RT for planning purposes to complement the information pro-
vided by the simulation CT scan. The segmentation methods developed can be cate-
gorised in contour- and shape-based; region-based; supervised and unsupervised
techniques and hybrid methods. The first category includes automatic deformable
model-based approaches, which consist of active contours models using either exter-
nal energies (balloon force [81] and gradient vector flow [82]) or Gabor filters to
guide the deformable segmentation [83]. Several works have been reported on super-
vised and unsupervised techniques, which make use of image features to discrimi-
nate between the background and target (e.g. prostate) pixels. These image features
can be learned through a labelled training dataset for supervised methods or by iden-
tifying clusters of similar objects for unsupervised methods [80, 84, 85]. Among the
supervised methods, two types of algorithms have been developed: traditional
machine learning approaches, using support vector machines or random forest algo-
rithms [86-89] and deep learning methods, among which the most popular are con-
volutional neural networks (CNN) [90, 91]. Automatic hybrid approaches have also
been reported, combining in different ways different flavours of contour- and shape-,
region-based and supervised methods. Compared to the other types, these methods
have been proven to be typically more robust to artefacts and noise [80].

Several studies investigated automatic image processing techniques for TPUS
imaging, which is the scan type currently clinically used for prostate USgRT (see
Sect. 9.4). The aim of these works was primarily to assess TPUS image quality and
to ensure optimal probe positioning prior to treatment delivery.

Image quality evaluation has been implemented training a CNN combined with
Gaussian Processes to automatically distinguish between good and poor quality
TPUS images, where good quality were the images on which an experienced opera-
tor could identify the prostate boundaries [18]. The results were very promising as
they showed that the algorithm could perform comparably to the experts involved in
the study.

Two different approaches have been developed for optimal probe positioning.
The first was to enable a patient-specific probe setup for RT using the patient’s
TPUS 3D volume, the simulation CT scan and the corresponding segmented struc-
tures to propose an optimal TPUS probe position for treatment [19]. The setups
proposed in this study proved to be successful in including all the anatomical struc-
tures required for prostate RT and enabled the visualisation of 94% of the overall
structures. The second approach assumed instead that TPUS imaging would be used
at simulation stage and prior to the treatment and proposed a CNN to automatically
register the US scans acquired at the different times [92]. The results reported an
error smaller than 5 mm in about 80% of the cases analysed and showed a perfor-
mance higher than manual and intensity-based registrations. This type of algorithm
could be potentially used also for US intra-fraction motion estimation if used to
register the US volumes acquired intra-fraction.
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As mentioned in Sect. 9.4, intra-fraction monitoring using the commercially
available Clarity Autoscan system still represents a challenge. Many other algo-
rithms have been developed and show potential for this purpose. They were tested
on phantoms and in vivo to monitor: the prostate, the diaphragm, the liver, the pan-
creas and lungs surface [3]. Most of these approaches were based on echo pattern
matching, which requires selecting a region of interest (ROI) representing the target
to be tracked within an US image and computing through a similarity measure the
pattern with the best match in the subsequent images. The indirect, or image-based,
methods make use instead of additional information supporting target localisation,
such as segmentation, pre-calculated motion patterns and models. Deep learning
approaches have also been developed involving CNNs able to track landmarks on an
image patch by automatically extracting the relevant image features to be compared
to the candidate image patches [93, 94]. The localisation accuracy achieved by the
different methods was in the range of a few millimetres when phantoms were con-
sidered and slightly worse for in vivo studies.

9.6 Future Directions

In our opinion, the future of USgRT relies on continued progress in automation.
Automation will not only serve to reduce, or even eliminate, operator and observer
errors, it will speed-up acquisition times and potentially improve image quality.
On-going efforts to employ robotic US within the RT workflow have begun to make
this a reality [95, 96]. Although this workflow has focussed specifically on the inte-
gration of robotic US with the CyberKnife platform (Accuray Inc.,Sunnyvale, CA),
this technology is translatable to any photon or particle treatment delivery system.
Robotic-guided surgery already has public acceptance, indeed the CyberKnife itself
is described as a robotic linear accelerator (LINAC); however, regulatory approval of
fully automated robotic technologies, which, for example, find the best US imaging
plane, may still be a significant hurdle to overcome. The use of sophisticated com-
mercially available robots, already CE-marked and FDA-approved for use in humans,
although costly, is key to accelerating translation of robotics into the clinic. We have
reviewed a number of methods for the automated processing of images (see above).
Automated image processing and interpretation of US images will be required to
automatically select optimal imaging parameters or to determine the patient inter- or
intra-fraction motion. The recent rapid development of new Deep Learning technolo-
gies, and their application to image processing and interpretation [97], presents
numerous opportunities to explore these tools for the automation of USgRT [18].
Few publications have explored USgRT for particle therapies [98]. There is,
however, growing interest in the use of US to localise the Bragg peak for the pur-
pose of verification of ion beam therapies [99]. The use of US in this context may
pave the way for US guidance to be used to also estimate tissue motion during par-
ticle therapy delivery. US remains the only modality that can rapidly capture volu-
metric images in real-time with volume rates of up to tens of Hz, opening up the
possibility of capturing motion of the organs at risk as well as the target tissues. This
may be especially useful for the guidance of protons, for which the deformation of
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overlying tissues may significantly affect the delivered dose distribution. Moving
into an era of wider use of proton therapy and particularly with a focus on paediat-
rics [100], US also presents advantages because it is a non-ionising imaging modal-
ity and children tend to have anatomy favourable for US.

The invention of the magnetic resonance (MR) LINAC [101] has further stimu-
lated research into adaptive on-line RT and MR-only RT workflows with significant
research efforts being made in the area of automated ultrafast replanning [102] and
image segmentation on MR images. The possibility of using 3D US in the context
of adaptive RT has yet to be fully explored; however, preliminary work, which
developed a method for the generation of pseudo-CT from US images prostate RT
replanning [48], and the combination of 3D US and CBCT to visualise the uterine
boundary [49] have shown US to be a promising technology. Furthermore, limita-
tions on the volumetric imaging rates of MR have driven the investigation of com-
bining US’s real-time 3D imaging capability with MR cross-sectional imaging for
the assessment of motion [103], including the exciting new development of a
MR-compatible 2D matrix array [104].

Finally, US is not only an anatomical imaging modality. Using functional US
imaging, closer examination of the tumour microenvironment may be a useful tool
to assess the response of tumours to RT. Using power Doppler, colour Doppler and
dynamic contrast-enhanced (DCE) modes of operation, US may be used to charac-
terise the tumour vasculature, using metrics of flow and perfusion, which have been
shown to change post-RT. Evidence from both preclinical [105] and clinical studies
[106-108] have shown that these metrics have the potential to be used as early
(<4 weeks) biomarkers of tumour response to therapy. In addition to interrogation
of the tumour vasculature, changes in tumour stiffness in response to radiation have
been observed in clinical studies using US strain elastography to measure the
response of cervical cancer to radiation [109, 110] and quantitative shear wave elas-
tography to measure the radiation response of rectal cancer [111]. As shown in this
chapter, US image guidance technology has already been successfully integrated
into the RT clinic for prostate RT, and research in cervical and liver cancer has dem-
onstrated to have significant promise. Extending the use of this technology to moni-
tor tumour response to RT may not only further improve the cost-effectiveness of
US, but it opens up exciting new avenues for more personalised RT in which
patient’s treatments can be adapted according to their response to radiation.
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10.1 Introduction

In general, solid tumours originate from soft tissues and are therefore not visible on
planar kV- or MV-X-ray-based imaging modalities and only difficult on cone-beam
computed tomography (CBCT). In the era of high-precision radiotherapy, an accu-
rate and precise depiction of the tumour, either directly (preferred) or indirectly is
mandatory to guarantee the best treatment outcome possible. To illustrate means of
target volume demarcation or stabilisation, the following chapter highlights devel-
opments for both oesophageal and prostate cancer.

Prostate cancer is the 2nd most common cancer in men worldwide and the 4th
most common cancer overall. There were more than 1.4 million new cases of pros-
tate cancer in 2020 [1]. Over the years conducted and published, randomised con-
trolled trials showed that RT dose escalation not only significantly improve local control
and biochemical relapse-free survival in prostate cancer patients [2—6] Dose-escalated
RT provides a very high cure rate: the 10 years or more survival is approximately 85%
in men diagnosed with prostate cancer in the UK (Cancer Statistics for the UK, see
cancerresearchuk.org). As survival rates have soured, focus of research has shifted
towards improving and maintaining high quality of life. The quality of life can be sig-
nificantly affected after all treatments due to changes in bowel function, sexual dysfunc-
tion and an increased rate of urinary incontinence [7]. The side effects of RT for prostate
cancer are mostly related to significant late gastro-intestinal toxicity: increased fre-
quency and diarrhoea, mucus discharge, faecal incontinence, bleeding, urgency and
tenesmus [8]. Therefore, many technical advances in clinical practice, recently shifted
towards development of safer RT dose escalation. This chapter provides an overview of
the improvements of volume delineation and the medical devices used for decreasing
rectal dose and reducing rectal toxicities.

Also in other tumour sites, e.g. oesophageal cancer, RT as part of the oncological
treatment has successfully attributed to increased survival rates. Oesophageal can-
cer is the eighth most common cancer worldwide, the sixth most common cause of
death from cancer, with >570,000 new cases per year and >500,000 deaths per year
[9, 10]. Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. A high proportion of patients
have advanced disease at diagnosis and the survival at 5 years is low, 20%. Patients
in good general condition with localised tumours receive treatment with curative
intent; either surgery alone, trimodality treatment consisting of surgery combined
with neoadjuvant chemoradiotherapy (nCHRT), perioperative chemotherapy, or
definitive chemoradiotherapy (dCHRT) [11-21]. Unfortunately, all of these
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treatments have significant toxicity, reported as high as up to 50-60%. Thus, there
is a need for more effective treatments, for reducing toxicity.

10.2 Image Guidance

Previously, patients were positioned on a linear accelerator using surrogate refer-
ence points: external reference points such as skin marks or tattoo points, or bony
landmarks visualised by conventional plain orthogonal X-ray radiographs (see
Chap. 4). However, as it is known that various solid tumours themselves move,
shrink, grow or deform during the radiotherapy course and additionally are sur-
rounded by moving organs at risk (OARs), these surrogate reference points may
lead to off-target dose delivery, which in turn compromises tumour cure and inflicts
higher rates of nearby OARs toxicity [22-24]. This problem is typically compen-
sated for by expanding safety margins used around the target volume, but the disad-
vantage of this strategy is the irradiation of larger volumes of the surrounding
healthy tissues. Different techniques have been developed to handle this problem,
and further improved both oncological and toxicity outcomes [25, 26].

The aspects of Cone-beam Computed Tomography (CBCT), magnetic resonance
imaging (MRI) and ultrasound are in depth discussed in Chaps. 3, 4, and 9,
respectively.

10.2.1 Cone-Beam Computed Tomography

In brief, the use of daily CBCT or in-room CT for patient setup reduces the setup
margins [24]. There are different strategies for patient setup, varying from setup
using surrogate structures as nearby bony anatomy or high-contrast OARs, as e.g.
the carina for mediastinal targets, to soft tissue setup based on the tumour [27].
Low-contrast or motion artefacts in, e.g. the abdomen or thorax may hamper soft
tissue matching of the target structure. Implantation of fiducial markers in or in
proximity of the tumour may help evaluating the soft tissue match, since the mark-
ers are clearly visible on CT/CBCT (see below) [28-30]. Daily setup on the target
compared to setup on the bony anatomy reduces margins in oesophageal cancer
patients compared to setup on the bony anatomy (Fig. 10.1) [27]. Furthermore, the
daily imaging may visualise systematic anatomical changes, which can be mitigated
by adaptive radiotherapy (ART) [31]. The concept of ART is to act on anatomical
changes by, e.g. rescanning the patient in case of systematic changes [26, 32] or
making a variety of treatment plans based on a library of target and OAR positions
in case of random changes, e.g. in the pelvic region [33, 34]. The implementation of
ART may significantly reduce toxicity, as seen, e.g. in lung cancer patients [35].

Possible disadvantages of CBCT include lower soft-tissue contrast, applied radi-
ation dose and an inter-observer variability in the interpretation of target changes
[36]. Therefore, CBCT modality may benefit from being combined with other
methods, e.g. fiducial markers acting as surrogates for the tumour.
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LR mean position (mm)

CC mean position (mm)

AP mean position (mm)

1 6 11 16 21 26
Fraction

Fig. 10.1 Inter-fractional motion of four markers (M1-M4) during 27 fractions for a patient in the
left-right (LR), cranio-caudal (CC) and anterior-posterior (AP) directions. Upper: the position of
ML at fractions 1, 5 and 13. Below-left: All positions are relative to the isocentre after bony anat-
omy alignment. With permission taken from Hoffmann et al. [27]

10.2.2 Ultrasound

In summary, two ultrasound systems can be used for visualisation of the target vol-
ume, i.e. prostate: transperineal and transabdominal ultrasound [37]. Possible
advantages are no additional irradiation for the patient, the relatively low price and
the possibility for real-time volumetric organ tracking. Some of the limitations of
the ultrasound are the inaccessibility of tissues shielded by bone or air, the suscep-
tibility for imaging artefacts and high user dependency, due to its mostly manual
operation [38].

10.2.3 MRI

A new on-line imaging tool is the MRI-LINAC providing superior soft-tissue con-
trast visualisation of the tumour and the surroundings for more accurate and precise
radiation delivery [39, 40]. More advantages are the availability of functional and
biological information, and real-time image guidance [41]. Furthermore, a
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workflow entirely based on MRI flow will make the invasive placement of the fidu-
cial markers superfluous [42]. Disadvantages of MRI-LINAC systems include the
very high resource demand and complex quality assurance processes [41]. Finally,
the long-term clinical benefit and the cost-effectiveness of this pricey treatment
modality still need to be proven [43]. Very recently, Hehakaya et al. [44] revealed
the cost-effectiveness of MR-LINAC compared to 20-39 fractions external beam
radiotherapy. However, to become cost-effective over five fractions, external beam
radiotherapy and low-dose rate brachytherapy, it has to reduce complications sub-
stantially, in which it has to either reduce grade >2 urinary, grade >2 bowel and
sexual complications (54% and 66%, respectively) or be offered at lower costs. This
is further elaborated in detail in Chaps. 6 and 7.

10.3 Medical Devices
10.3.1 Radio-Opaque Fiducial Markers

Radio-opaque fiducial markers are made of metal, e.g. gold or as liquid markers. In
order to validate the tumour position during the course of radiotherapy, these mark-
ers are placed depending on the target transorally, endoscopically into intra-
abdominal organs or transrectally, e.g. into the prostate, into or in proximity of the
target volume using a (endoscopic) needle.

In oesophageal cancer, fiducial markers have a high rate of visibility on orthogo-
nal kV and CBCT/CT images and a low migration rate [30, 45]. Conversely, clips
placed during surgery, which are often used to mark the position of the tumour, e.g.
in oesophageal cancer, show high migration and low stability during the full course
of radiotherapy (Hoffmann, unpublished).

The gold markers are typically 1-10-mm long cylinders or coils and have been
available for many years [30, 46, 47]. Liquid markers are applied in small volumes,
e.g. 0.025-0.1 ml injected into the tissue [28, 29, 48, 49]. After injection, the mark-
ers become sticky and gel-like, and stay in the tissue for months or years before
decomposition [28, 29]. Liquid markers are compatible with proton therapy as the
absorption of radiation dose is low compared to the gold markers [50].

In prostate cancer, three to four radio-opaque markers are inserted into the
prostate before acquiring the CT scan for RT treatment planning [51, 52]. In this
way, the markers act as a surrogate for the prostate: they are visualised by radio-
graphic imaging (such as CBCT or orthogonal 2D X-ray radiographs). The move-
ment of the prostate can be monitored before and during (‘tracking’) treatment,
and field setups can be adjusted in case of movement of the prostate ensuring
correct dose delivery, even with small safety margins. It is the most popular strat-
egy for image guidance because of the easy and quick performance. Disadvantages
of this approach is the invasive method (transrectal or transperineal insertion),
with consequently risk of infection (lower rates in transperineal insertion), and the
lack of information of the movement of the seminal vesicles and the possible rota-
tion angle of the prostate when the fiducials are projected on a small distance
[53, 54].



226 B. G.L.Vanneste et al.

For thoracic and abdominal targets, large intra- and inter-fractional changes are
seen in some patients [26, 55, 56]. Oesophageal targets have a large extension with
complex shape. The target volume changes in both position and shape due to respi-
ratory and cardiac motions and to other anatomical changes [56-59]. Fiducial mark-
ers implanted into or proximal to the target can monitor these changes. Typically,
two to four markers are implanted in order to cover all parts of the target [30, 45].

For radiation treatment planning in oesophageal cancer, fiducial markers can be
implanted at the inferior and superior border of the tumour. This approach, together
with oesophagogastroscopy, endoscopic ultrasound (EUS) and FDG PET/CT, CT
alone and in some cases MRI and ultrasound, aids at defining the primary tumour
and metastatic lymph nodes [60-63]. An acceptable correlation between the inferior
border marker position and a standardised uptake value (SUV) of 2.5 was reported
[45, 64]. For the superior border, larger deviations were described and in 25% of the
patients a difference of more than 2 cm was found. Quite large inter-observer varia-
tion has been reported for target delineation in oesophageal cancer patients [65].
Implantation of fiducial markers aids the delineation and significantly reduces the
inter-observer variation [28, 29]. In particular in the cranio-caudal direction, where
variations of 1.4 mm in mean were seen, the implanted markers lead to a reduction
in the variability (mean 0.4 cm) [28, 29]. Furthermore, Machiels et al. [28, 29]
assessed that a margin of 1-1.5 cm is sufficient to derive the clinical target volume
(CTV) from the gross tumour volume (GTV) when employing fiducial markers
implanted at the proximal and distal tumour borders.

By segmentation of the setup CBCT scan or orthogonal kV images, both acquired
prior to the delivery of the radiation treatment fraction, the motion of the target
volume demarcated by fiducial markers can be measured throughout the treatment
course [27, 45, 66]. In addition, the motion can be measured intra-fractionally by
segmentation of kV images recorded during the actual dose delivery [27, 67].
Noteworthy, the intra-fractional motion is significantly smaller on the 4DCT, taking
into account the respiratory motion, than on CBCT scans [27, 67, 68]. This results
from the fact that the 4DCT only captures one breathing cycle while many breathing
cycles are determined during a full CBCT scan.

In oesophageal cancer patients, the detected intra-fractional cardiac motion is
small with an average motion of 0.5-2 mm. However, the average respiratory
motion can be up to 10 mm and largest in cranio-caudal direction [27, 69]. Large
motion is observed in distal tumours especially at the gastro-oesophageal junction
and below the diaphragm [27, 70]. Similar intra-fractional motion was found for
lung cancer patients. When comparing the average marker position before and after
each treatment fraction, a systematic shift of markers in cranial and posterior direc-
tion during treatment was found [47, 67, 71]. This shift may result from a change in
gravitational forces when the patient lay down on the couch and was small for most
patients (on average 1 mm cranial and 2 mm posterior).

Inter-fractional tumour shifts are frequent in the thoracic and abdominal region.
The shifts originate from anatomical changes of the target volume and OARs. The
shifts may be random or systematic, for instance, the position of the diaphragm may
vary randomly between fractions or it may shift systematically between planning
and delivery due to different abdominal filling [56, 72]. Differences in the position
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of the diaphragm may result in target under-dosage, depending on the field direc-
tions. For proton therapy, this effect is partly mitigated by choosing beams only
from posterior, thus minimizing entrance through the diaphragm [59, 73, 74].
However, for targets localised across the diaphragm, changes in the diaphragm posi-
tion may extend or compress the target, leading to dosimetric changes for target and
OARs. In the abdomen, quite large inter-fractional shifts are observed due to differ-
ences in filling and positioning of OARs adjacent to the target. In the thoracic
region, especially for lung cancer, large inter-fractional anatomical changes are seen
[26, 32]. These changes can be relieved by increasing the margins or by implement-
ing an adaptive strategy, whereby the treatment plan is adapted to the anatomical
changes once or more frequently during the treatment course [26, 31, 32, 59, 75].
The margin needed to account for inter-fractional changes depends on the setup
strategy. The margins can be determined from imaging of the implanted fiducial
markers. For oesophageal cancer, planning target volume (PTV) margins of approx-
imately 10 mm are needed for daily setup when using the bony anatomy as refer-
ence. This PTV margin can be reduced to approximately 6—8 mm when applying the
daily match on soft tissues [27, 69].

Since the markers are often implanted in the tumour tissue, the markers may not
be representative of the full target including the CTV, in case of large tumour growth
or shrinkage during the course of treatment [76]. Furthermore, markers may only be
implanted at distinct points of the tumour and do not represent the entire tumour
volume [27]. Thus, caution should be taken not only to solely rely on the markers’
positions at the daily pre-treatment imaging scans for the evaluation of the tumour
extension, but also to take into account the information gained by the CBCT or pos-
sibly a CT scan on rails in the proton gantry room.

Finally, RT for oesophageal cancer is based on photon treatment. However,
proton therapy is an evolving technique with a potential to significantly reduce
dose to organs at risk and thus toxicity [59, 77-79]. However, proton therapy is
more sensitive to anatomical changes and consequently requires close image
guidance [59, 75].

10.3.2 Electromagnetic Transponders

A methodology similar to fiducial markers is the implantation of electromagnetic
transponders (Calypso®), which can be monitored by low-frequency radio waves
instead of ionizing radiation [36]. Furthermore, the movements of the prostate dur-
ing treatment can be detected [80-82].

Liver cancer tumours are not directly visible on CBCT scans and thus, visualisa-
tion of the tumour position for patient setup and during treatment requires insertion
of fiducial markers in or nearby the tumour. For liver tumours, electromagnetic tran-
sponders have been implanted near the tumour and used as surrogates to track the
position of the target [83, 84]. These patients were treated using respiratory gating
in free-breathing patients. The Calypso system was used to track the exhale phase
and radiation was only delivered during exhale [84]. Subsequent dose reconstruc-
tion showed good agreement between planned dose and delivered dose [85].
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Possible disadvantages of the transponders are the interaction of the MRI mag-
netic and with the transponders. This can induce displacement of Calypso transpon-
ders and create a radio-frequency-induced heating of the transponders [86]. In
summary, due to the complex setup and workflow, the use of the Calypso system is
recommended for specialised centres.

10.3.3 Endo-Rectal Devices

Since the ano-rectal complex is closely located to the prostate, the PTV (at least)
partially overlaps with the anterior ano-rectal wall (ARW), such that the latter is
included in the high-dose volume. Several investigators have demonstrated that
minimizing the radiation dose to the ARW reduces the risk for late rectal bleeding.
More precisely, when 20% and 15% of the ano-rectal volume receives a dose of at
least 70 and 75 Gray (Gy) (in 2 Gy fractions), the risk of developing Grade 2 and
Grade 3 late rectal bleeding is <15% and <10%, respectively [87, 88]. This remains
a significant risk despite the ability of modern dose delivery techniques to adminis-
ter highly conformal dose distributions with very steep dose gradients at the rim of
the PTV. Since the overlap of the PTV and the ARW is unavoidable, the only option
to prevent rectal volumes from inside the high-radiation doses is to artificially
increase the distance between the prostate and the ano-rectal complex. Several
devices have been developed to achieve a better sparing of the parts of rectum.
These devices can be divided into endo-rectal devices (ERD) or relatively novel
implantable rectum spacers (IRS) (Fig. 10.2).

Fig. 10.2 Transversal T2-weighted magnetic resonance images of a prostate cancer patient with
an ERB filled with liquid (a) and an IRS (b) in blue. The PTV-margin (red) around the prostate and
rectal wall (brown) are schematically illustrated. The yellow arrow showed the dorsal (a) and
anterior (b) wall of the rectum that is pushed out of the high-dose region in ERB and IRS, respec-
tively. Abbreviations: ERB endo-rectal balloon; /RS implanted rectum spacer; PTV planning tar-
get volume
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10.3.4 Endo-Rectal Balloons

The endo-rectal balloon (ERB) is a silicon or latex device that is filled with either
air or water (in case of rectal invasion or its use in proton beam therapy) [89, 90].
An inserted ERB placed prior to each RT fraction can cause discomfort for the
patient. The distance from the dorsal and lateral rectal wall to the PTV is increased
(yellow arrow in Fig. 10.2), whereas the anterior rectal wall is pushed towards the
PTV. Although the ARW is pushed towards the prostate (Fig. 10.2), the overall
dosimetric net-effect proved to be beneficial in 3D-CRT and IMRT [91]. Smeenk
et al. [92] showed an absolute reduction in the mean dose to the anus of 12 Gy and
7.5 Gy for 3D-CRT and IMRT, respectively.

Another advantage is more prostate immobilisation to reduce inter-fraction
(week-to-week) and intra-fraction (pre- and post-treatment) variations. Stool and
gas pockets can move the prostate during a treatment fraction: an ERB is able to
reduce these intra-fraction motions. Smeenk et al. [91] revealed that an ERB reduces
the intra-fraction prostate motion in particular for treatment sessions longer than
two and half minutes. Cumulative percentages of prostate deviations of >1, >3, >5
and >7 mm were observed in 57.7, 7.0, 0.7 and 0.3% in the ERB group versus 70.2,
18.1, 4.6 and 1.4% in the no-ERB group after 10 min. The largest reductions in the
ERB group were observed in the anterior-posterior direction and no reduction in
inter-fraction variation was found.

Furthermore, Jaccard et al. [93] showed an optimal dose sparing of the internal
pudendal arteries using an ERB: on average, the dose reduction was 28% (p = 0.006)
and the median mean dose calculated to be 4.1 Gy versus 5.7 Gy with and without
ERB, respectively. The authors’ hypothesis that this dose reduction could lead to
preservation of the erectile function needs to be confirmed in additional studies.

Clinical outcomes of the use of ERB are listed in Table 10.1. Most published
studies have focussed on the dosimetric effects of ERB and are single institution
experiences. There are no multi-centre, randomised controlled data on patient- and
clinician-reported toxicities of using ERB in RT.

10.3.5 Endo-Rectal Displacement Device

A prostate endo-rectal displacement device (EDD) is a look-alike of an ultrasound
probe, and was developed because of the reproducibility of ERB positioning, and
additionally, the issue of pushing the anterior part of the rectum into the high-dose
region [100]. This EDD is commercially available and developed by Rectafix™
(Scanflex Medical AB, Tidby, Sweden). However, the clinical use and proof of clini-
cal benefits are limited, with no large, prospective evidence.

De Leon et al. [101] used the EDD in stereotactic RT and they only observed a
small increased intra-fraction stability with the EDD during time of treatment.
Nicolae et al. [102] used a similar system in stereotactic RT with the intent of immo-
bilizing the prostate during each treatment fraction. Using the EDD, the authors
observed no prostate displacements of more than 3 mm over the course of treatment,
but found no statistically significant dosimetric differences for rectum and bladder.
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10.3.6 Implanted Rectum Spacers

An implanted rectum spacer (IRS) is inserted as a biodegradable tissue filler between
the prostate and the rectum to increase the distance from the anterior rectal wall to
the prostate (Fig. 10.3). In contrast to an ERB, where the anterior part of the rectal
wall is pushed into the high-dose region of the PTV, while pushing the dorsal and
lateral rectal wall away from the prostate, the IRS pushes the complete rectal struc-
ture away from the PTV (Figs. 10.2 and 10.4).

Different types of IRS are available and have been applied clinically for external
beam RT of prostate cancer: an absorbable hydrogel [104], a hyaluronic acid [105],
a saline-filled rectal balloon implant (RBI) [106] and a collagen implant [107]. The
main differences between these types of IRS are their chemical composition and the
(in)ability to allow for post-implant correction (Table 10.2). Clinical outcomes of
the use of IRS are summarised in Table 10.3.

The RBI differs from the other types of IRS, so-called liquid spacers. All types of
IRS are implanted through a transperineal approach, which is usually guided by tran-
srectal ultrasound. Vanneste et al. [115] published on the implantation method of an
RBI. Implantation can be performed under local, regional or general anaesthesia,
with the patient in lithotomy position. All IRS are inserted between the prostate, the
Denonvilliers’ Fascia and the anterior rectum. Urologists should ideally perform the
procedure and/or radiation oncologists experienced in prostate brachytherapy and/or
transperineal biopsies: the use of the real-time bi-plane transrectal ultrasonography
(TRUS) probe is recommended. A brachytherapy stepper unit is used to stabilise the
TRUS probe and allows the operator to use both hands for the implantation. Moreover,
fiducial markers are implanted for image-guided external beam prostate irradiation.

Hydrogels are injected as polyethylene-glycol (PEG) liquids and polymerise in
situ within a few seconds following the mixture of two liquid hydrogel precursors
[104]. The end result is a stable, flexible gel-like structure. This hydrogel is similar
to products used in brain surgery, cardiology and ophthalmology [116-118]. The

PROSTATE

RECTUM

RECTUM

Fig. 10.3 Schematic illustration of prostate irradiation without (a) and with (b) implanted rectum
spacer. In both cases, the dose distribution from a single beam (yellow) conforms to the planning
target volume (dashed line). Without spacer, the beam partially overlaps with the rectum, whereas
with spacer, the beam does not overlap with the rectum due to the increased distance between the
prostate and rectum. (Reproduced as still from movie https://youtu.be/tDlagSXMKqw)


https://youtu.be/tDlagSXMKqw
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Fig. 10.4 Colour-wash representation of calculated dose distributions superimposed onto an axial
computed tomography slice before (a) and after (b) IRS gel injection in the same patient. Prostate
is illustrated in yellow contour, within red contour the PTV margin. Without IRS, the high-dose
region >75% (purple) overlaps with the anterior part of the rectum (brown contour), while with
IRS in situ the high-dose region spans the IRS (black contour), and not the rectum. The 40% iso-
dose contour (purple) overlaps the entire rectum in (a), whereas it overlaps the rectum partially in
(b). (Reprinted with permission from [103]) Abbreviation: IRS implantable rectum spacer

commercially developed PEG hydrogel is SpaceOAR (Augmenix, Waktham, MA —
Boston Scientific Corporation). Pinkawa et al. [104] proved a relative rectum dose
reduction within the 76-Gy isodose of 67% in 3D-CRT, and of 89% in IMRT dose
distributions, respectively.

Most reports published with PEG spacers, including a phase 3 multi-centric ran-
domised controlled trial [119, 120]. Mariados et al. [120] published the early results
showing a significant reduction in mean volume of the rectum receiving 70 Gy (pre-
to post-IRS plans: 12.4% and 3.3%, respectively; p < 0.0001). Consequently, they
reported on a significant reduction in late (3—15 months) rectal toxicity severity in
the IRS group (2.0% and 7.0% in the IRS and control groups, respectively;
p =0.004). Hamstra et al. [119] reported the 3-year incidence of grade >1 (9.2% vs.
2.0%; p = 0.028) and grade >2 (5.7% vs. 0%; p = 0.012) rectal toxicity favoured the
IRS arm. From 6 months onward, bowel quality of life consistently favoured the
IRS group (p = 0.002), with the difference at 3 years of 5.8 points of the Expanded
Prostate Cancer Index Composite (EPIC) (p < 0.05). The authors performed a sec-
ond analysis on this trial to correlate penile bulb dose and sequel quality of life: at
3 years, more men potent at baseline and treated with spacer had ‘erections suffi-
cient for intercourse’ [control 37.5% vs. spacer 66.7% (p = 0.046)] and satisfactory
scores in the sexual domain [statistically higher scores on 7 of 13 items [all
p <0.05)] [121].

Several other products used in IRS are worthy of being described in detail since
their physical properties are very important, mainly in terms of retaining desired
form and shape.
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Table 10.2 The characteristics of different implantable rectum spacer devices [108]

Characteristic Hydrogel Hyaluronic acid Collagen Balloon

Material:

Liquid + + + -

Biocompatibility + +/— +/— +

Shape Variable Variable Variable Constant

Stability + + + +

Degradation 3—6 months 12 months 6-12 months 3—-6 months

Implantation

technique:

Needle 18G 17G (1.5 mm) 18G 2-3 mm
(x1.2 mm)

Invasive + + + +

Corrections - - - +

High velocity of + - - -

injection

Predictable shape - - - +

Injected volume 10 cc 3-9cc 10 cc Variable, max.

+17 cc

Planning

CT visibility - - - +

Prostate-rectum 7-15 mm 8-20 mm 13 mm 19 mm

spread

Dose reduction 46-61% 84% (V70Gy) >50% (V40Gy: 50% (V60Gy)
(V70Gy) 74-91% (V90%) | 40-65%) 72% (V90%)

Firstly, hyaluronic acid (HA) is a natural polysaccharide (glycosaminoglycan-
based polymer) compound found in human tissues as a component of the connective
and extracellular matrix [105]. Normally, it is essential in the skin and in the synovial
fluid of the joints. This compound is cleaved by the enzyme hyaluronidase to its
component subunits, which are predominantly eliminated by hepatic and renal
metabolism [122]. When used for treatments in cosmetic skin procedures and osteo-
arthritis, the compound is modified, making it stable for a duration close to 1 year
before absorption [123]. Several HA-based IRS products are available, each with
slight modifications: Barrigel® (Non-Animal Stabilised Hyaluronic Acid, NASHA®,
Palette Life sciences, Stockholm, Sweden), Restylane (Q-med, Uppsala, Sweden),
Hyalform (Genzyme Corp., Cambridge, MA), Hyalgan (Fidia SPA, Abano Terme,
Italy) and Synvisc (Genzyme Corp., Cambridge, MA). Prada et al. [105] published
on the use of the HA in combination with brachytherapy. They showed a relative
reduction of 28% in the maximum rectum dose averaged over all patients in
the cohort.

Secondly, human collagen is the most profuse protein in the human body and is
the principle component of connective tissue. It confers stretch resistance to many
tissues, such as tendons and ligaments. Collagen is used in ophthalmology, ortho-
paedics, dentistry and cosmetics [124]. It is also used to be injected into the perineum
for treatment of urinary incontinence [125]. Noyes et al. [107] reported on a mean
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reduction in rectal wall of 50% with an IRS: the mean volume of the rectum receiv-
ing a radiation dose of 40 Gy decreased from 20-25% to 7-15% in IRS plans.

Thirdly, an inflatable rectal balloon implant is made of poly(L-Lactide-co-
caprolactone). This is a co-polymer of polylactide acid and epsilon caprolactone, in
a ratio of 70:30. It is a widely used, medically biodegradable material and specifi-
cally developed to be used as a tissue spacer [126].

Regarding the stability of RBI, Levy et al. [126] demonstrated the proper func-
tionality of the RBI capability to retain its inflated form during a certain period (e.g.
patients’ radiation session) in both in vitro and in vivo studies in dogs, guinea pigs
and rabbits. In 2013, the first clinical results showed a relative reduction by 82% of
the rectal volume receiving 74 Gy [106]. Vanneste et al. [115] published the toxicity
data on the implantation: 47% of the patients had no complaints at all, while the
other patients had a mild discomfort to slight pain at the perineal region. However,
Vanneste et al. [127, 128] observed a significant shrinkage of the RBI volumes: only
an average volume of 70.4% compared to that at baseline was detected at the end of
the treatment. Although the prostate—rectum separation significantly decreased over
time, it remained at least 1 cm. There was no significant increase in ano-rectal vol-
ume receiving a dose of 75 Gy. Wolff et al. [129] have also observed the phenome-
non of a deflating RBI at an early time point during the course of radiation therapy.
They reported on an average volume loss of >50% during a full course of treatment
of 37-40 fractions (8 weeks).

Three analyses on the cost-effectiveness of a spacer have been performed [130—
132]: an IRS reveals lower toxicities, but also higher costs. Vanneste et al. [132]
have calculated an incremental cost-effectiveness ratio of €55,880 per Quality-
adjusted life year (QALY) gained. They concluded that for a ceiling ratio of €80,000,
an IRS had a 77% probability of being cost-effective. Hutchinson et al. [130] dem-
onstrated the increased cost-effectiveness of SBRT in comparison with conventional
RT: an IRS was immediately cost-effective with a savings of $2640 and breakeven
risk reduction at 36%. Levy and co-authors calculated an incremental cost-
effectiveness ratio of $96,440 per QALY for patients undergoing an IRS implanta-
tion in a hospital setting, and $39,286 in an ambulatory facility [131]. This ratio
even improved in patients with good baseline erectile dysfunctions: $35,548 per
QALY and $9627 per QALY, respectively.

To increase the cost-effectiveness, decision rules based on clinical risk factors
have been developed to identify prostate cancer patients with a high risk to develop
radiation-induced rectal toxicity prior to IRS implantation [133, 134]. Such clinical
rules can be expanded to include patients who have a very high risk to develop rectal
toxicity due to, e.g. re-irradiation, inflammatory bowel disease or dosimetric high
burden [127, 128]. It is expected that the cost-effectiveness of the IRS will improve
because those patients will benefit more from the use of an IRS than others. Finally,
a decision support system has been developed to predict the gain in dose and toxic-
ity reduction prior to the implantation using a ‘virtual’ IRS [135, 136]. A ‘virtual’
IRS (useful for both RBI and hydrogel spacer) is generated using a model that is
based on a CT scan without IRS. This model was used to create a deformation field
(e.g. virtual IRS) on CT scans of patients without IRS. Predictions of the gain in
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dose and toxicity reduction can consequently predict if the IRS is cost-effective for
the specified patient. This is a very attractive approach because the benefit for an
individual patient can be estimated without implanting the IRS. This means no extra
discomfort of the operation for the patient and no additional costs of the placement
of the IRS.

To conclude, several devices are used to further personalise and individualise
radiotherapy to enable high cure rates, with low toxicity rates.

10.4 Summary

Implantation of fiducial markers in the tumour aids delineating the tumour borders
at planning CT. Evaluation of fiducial marker positions in the surgical specimen can
be used as feedback to the target definition. Furthermore, the markers can be used
to aid evaluation of target position for patient setup and during treatment. Hereby,
full dose coverage of tumour volume is secured and over dosage of OARSs is avoided.
Fiducial markers are highly reliable with a low degree of migration and high
visibility.

Only the hydrogel spacer is effective proven in a prospective phase 3 trial for
prostate cancer. All the other devices are in a non-randomised setting, mostly single
centre experiences. However, nowadays, 2 phase 3 trials have been completed to
obtain the FDA approval, pending on preliminary results: the ProSpace RBI
(NCT03400150) and the Barrigel IRS trial (NCT04189913). The literature is grow-
ing on the application of an IRS. In the United States, more than 50,000 men are
already treated with spacing devices, and it is commonly used. In Europe, it is used
in a single centre, and it is targeted on high risk on rectal toxicity patients. Future
clinical studies will determine the definitive role of spacers in that population.
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Artificial Intelligence in Radiation 1 1
Oncology: A Rapidly Evolving Picture

Harini Veeraraghavan and Joseph O. Deasy

11.1 Introduction

Artificial intelligence (AI) has emerged as a powerful technology with widespread
applications in diverse areas ranging from autonomous cars to medical decision
support. In essence, Al technologies work by integrating many quantitative clues
together to provide probabilistic guidance to real-world problems, such as “Is this
skin abnormality cancerous?” [1] or “Is the fetus in the breech or normal position
for birth?” [2]. Medical applications of Al, particularly using the techniques of deep
learning, are growing. Deep learning is a statistical machine-learning approach and
a subfield of Al. Deep learning methods employ several layers of convolutional fil-
ters represented as a neural network to compute a very large number of features. The
appropriate set of features is learned from the data and specific to the learning prob-
lem. A primer of deep learning for radiologists is available in [3]. Deep learning is
particularly amenable to learning from large imaging datasets, and the deployed
classifiers allow fast, real-time, objective, and automated analysis. However, Al is a
general technology, and we will briefly mention other aspects of radiation oncology
we expect will be impacted. The reader should also be aware that reviews of the
impact of Al in RO have also been recently published elsewhere [4-6].

Radiation oncology arguably uses the highest level of automation not only in
cancer care but also across medicine generally. The need for automation to ensure
accurate targeting of cancer while ensuring patient safety, and the increased reliance
on image guidance for image-guided radiation treatments, has made Al and deep
learning particularly relevant for radiation oncology. Al undoubtedly has the poten-
tial to disrupt and transform the treatment paradigm in radiation oncology, as well
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as other fields in medicine. In this chapter, we will review the current state of the art
in the advances of Al techniques with respect to radiation oncology and the antici-
pated, though uncertain, impact of AI. Emphasis will be placed on applications that
rely on the analysis of images, as the clinical impact is imminent and likely trans-
formative, in particular, automated tissue segmentation for normal tissues but also
for tumors. The ability to extend auto-segmentation to cone-beam images, at the
time of treatment, in particular, will allow for more accurate setup, better dose-
accumulation estimates, and possibly smaller margins, perhaps leading to a true
“Al-guided-RT.” Before diving further into Al applications, we briefly discuss the
general basis of Al

11.2 Whatls Al?

Artificial intelligence (Al) is a branch of computer science that is concerned with
developing techniques to enable computer algorithms to capture and emulate intel-
ligent human behavior [7], ultimately aiming for better-than-expert performance
and greater consistency. Al considered as a whole cover both deductive (or top-
down) reasoning and inductive (or bottom-up) reasoning. An overarching goal in
the field of Al is to ultimately combine the versatility of bottom-up inductive rea-
soning via machine-learning techniques with top-down deductive reasoning to pro-
duce a rationally processing intelligent agent informed by cause and effect. We are
currently far from this ideal goal, although many Al systems have demonstrated
fit-for-purpose abilities to better account for complicated details compared to human
operators.

Deductive learning, i.e., explanation-based learning, consists of algorithms for
extracting provably correct knowledge. These methods typically combine a pre-
specified knowledge, often represented as a set of established rules, to solve prob-
lems. For each observed training example, an explanation of how the examples
satisfy the target concept can thus be derived from the knowledge domain, which
can then be used, for example, to distinguish relevant from irrelevant features [8].
Two core requirements for these methods are a sufficient knowledge base and an
efficient approach to sort through the knowledge base rules, constraining the pos-
sible solutions until the problem is solved. Deductive reasoning is used by the
player, for example, to solve the puzzle game of fukoshiti. The knowledge base can
be, for example, a database or an ontology consisting of rules of facts in the specific
domain and represented as predicates (Fig. 11.1). An advantage of this style of
learning is that inferences made from the specific observations are always supported
by the rules (ontology). Hence, the conclusions are guaranteed to always be true, or
at least consistent with the knowledge base. However, the key obstacle is usually the
development of a comprehensive knowledge ontology, which may require signifi-
cant domain expertise and effort for construction. In addition, as the size of the
ontology grows, more efficient search methods are required for searching through
the knowledge base.
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Fig. 11.1 Example schematic of a deep convolutional neural network. The network may consist
of layers for generating new image representations as feature maps using convolutional layers,
pooling layers to down-sample feature maps, and fully connected layers to combine feature activa-
tions to produce classification

Inductive learning or bottom-up reasoning methods are more amenable to using
general big data streams and are more prevalent in modern machine learning. These
methods including deep (many layered) neural networks that aim to classify sam-
ples. Figure 11.1 shows an example schematic of a deep neural network used for
classification. A deep network may consist of several convolutional layers, fully
connected layers, and pooling layers for processing the images in various scales and
image features. Models can be learned from general off-the-shelf network architec-
tures found to be effective in several problems, followed by a training process, in
which the network weights are adjusted to improve prediction performance on a set
of available examples (“the training set”). The goal of course is to perform well on
new unseen user data, called generalization, and Al papers typically include perfor-
mance tests on set-aside data not used for training [9]. Deep learning methods
extend standard machine-learning methods by combining a large number of linear
and non-linear image filter functions, for example edge detection, or mean intensity
over a small 2 x 2 region, etc. These filters are arranged in layers, referred to as a
convolution neural network (CNN), building new feature maps that effectively proj-
ect the pixels of the original image into a space, whose dimensions consist of the
many different calculation routes created in the network. In this high-dimensional
space, it is typically more feasible to find an effective classification rule. Hence,
deep learning solves the problem of deriving an appropriate representation of the
data by extracting representations that are expressed in terms of other nested repre-
sentations of the data. Increasing the depth of the network, or nesting of these rep-
resentations, affords larger flexibility and increases the capacity of these methods in
modeling highly nonlinear functions that are difficult to solve by lower-dimensional
modeling approaches.

The rest of this chapter will therefore focus on deep learning methods and their
applications.

As a result of the deep learning revolution, Al has evolved from tackling prob-
lems that are “intellectually difficult for humans” to solving every-day problems
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that humans solve intuitively [10]. The widespread use and success of inductive
learning techniques come from their ability to learn from massive amounts of under-
lying data without requiring any pre-built knowledge base, thereby eliminating the
need for significant domain expertise and knowledge engineering effort to bootstrap
the learning process (Fig. 11.2). Importantly, once learned, these methods are fast
and therefore capable of producing real-time inference.

Importantly, one potential disadvantage of these methods is the inductive bias
especially when the size of the training datasets is not sufficiently large or is not
fully representative of all the variabilities occurring in the domain, as further dis-
cussed below. Inductive bias is employed by all learning methods to achieve conver-
gence. This is the process whereby learning methods restrict the shape of hypothesis
space so that only some hypotheses are preferred over others. It is possible, how-
ever, to combine deductive inference with inductive learning (described below) to
produce high-quality logistical plans (not RT plans) in real time [11].

Nevertheless, inductive learning methods eliminate the need for building a large
knowledge base/rule base of the domain. Deep learning methods go a step further
and eliminate the need for “feature engineering,” wherein the design of appropriate
set of quantitative features and image filtering (or processing methods) to extract
those features are no longer needed. Feature engineering requires not only extensive
domain expertise but also an intimate knowledge of the image analysis and compu-
tational methods in the fields of computer vision. The deep learning revolution, of
great value to all the commercial technology giants, has spawned a large number of
open source and useful tools that have helped accelerate adoption of deep learning
in medical research. Hence, deep learning has made Al accessible to the broader
biomedical research community and will lead, in our view, to significant advances
in the field of radiation oncology.
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The rest of this chapter will therefore focus on deep learning methods and their
applications.

11.3 Why s Deep Learning Important
for Radiation Oncology?

Deep learning methods are bringing about a transformative change in radiation
oncology data processing as these methods have shown tremendous success in anal-
yses involving images [5]. Radiation oncology is of course a highly technology-
driven field. With the adoption of in-room imaging for image-guided radiation
therapy [12], and the advances in in-treatment-room-imaging, including cone-beam
computed tomography (CBCT; Chap. 4) [13, 14], more advanced and precise treat-
ments such as adaptive radiotherapy [15, 16] are becoming feasible. There is a need
for greater automation not only to improve the efficiency of the treatment planning
and treatment delivery process, but also to aid clinicians in identifying the best
course of treatment and adapting treatment as and when is necessary. Higher auto-
mation will reduce variability, and possibly treatment toxicities, while providing
opportunities to escalate doses to more-precisely targeted tumor structures.

Thus, radiation oncology can benefit from the advances in deep learning and Al
not only in the space of analyzing images for improving accuracy and efficiency of
delineating tumors and organs for radiation treatment planning [17-24], but also in
other areas of radiation oncology including automated dose prediction, outcomes
prediction, and enabling MR-guided treatments through synthetic CT generation
[25, 26].

11.4 Application Areas for Deep Learning
in Radiation Oncology

We will focus on the most mature applications of Al/deep learning in radiation
oncology, including image segmentation, artifact reduction, and MR-based syn-
thetic CT generation for MR applications. However, we will briefly touch as well on
other areas of clinical impact we expect to emerge in the next 5 years.

11.4.1 Image Segmentation for Treatment Planning

Image segmentation involves learning on voxel-level data, and clinical segmenta-
tions are often available for normal organs. Thus, deep learning methods have been
developed and applied even on moderately sized datasets, especially for segmenting
normal organs. This is feasible because image segmentation effectively trains the
classifier on many small patches in the training image, labeled as inside or outside a
labeled region. As a result, a large number of CNNs have already been developed
for image segmentation. A majority of these focus on segmenting CT images, while
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a few recent methods have also developed methods for the more challenging CBCT
images. Although MRI has better soft-tissue contrast than CT and CBCT images,
the challenge with using MRI for segmentation is the lack of sufficiently large train-
ing sets.

Besides the relative technological ease of implementing deep learning methods
for segmentation, segmentation in radiation oncology is also beneficial due to the
dependency of image-guided treatments on the segmentation of targets and various
organs at risk for conformal beam shaping. Automated segmentations are more
repeatable than manual delineations [18] and reduce manual editing times [27]. As
discussed further below, segmentation remains a primary bottleneck in adaptive
radiation treatments and lack of precise and accurate delineations are one of the
major sources of setup and treatment uncertainties in radiation therapy [15, 28].

11.4.2 Computed Tomography and Cone-Beam Computed
Tomography Segmentation

Computed tomography and CBCT are the commonly used imaging modalities for
planning and monitoring radiation treatments. Although CBCT imaging is acquired
routinely, it is predominantly used for monitoring large setup errors and for making
positional adjustments, often “by eye.” Recent advance in deep learning has allowed
researchers to make some progress toward CBCT segmentation. We discuss some
of the most common approaches used for CT and CBCT segmentation.

Table 11.1 shows some of the representative methods developed for the different
organ sites for CT and CBCT images. Methods [24, 29, 32-34, 36] often employ or
build upon [18] well-known architectures such as the U-net [37]. Other commonly
used networks include the VGG [30, 38] and deepLab [39] architecture used for
prostate organs at risk [40] as well as heart sub-structure segmentation [41].

However, as individual architectures are often developed for a specific problem,
these may not yield the best possible performance and often require extensive fine-
tuning to achieve reasonable performance. In short, special architectures and learn-
ing procedures, tuned for the purpose at hand, can often perform better than generic
architectures. Developing new architectures is a major area of research. Notable
examples of such methods include [22, 29, 31, 34, 35, 42]. For example, a special-
ized architecture for preserving small structures, e.g., the esophagus [22], has been
shown to be more effective than standard methods. The problem of detecting and
segmenting small tumors was also handled in [42] and more recently in [43] by a
special architecture called a multiple resolution residual network, where the net-
work layers make use of residual connections arising from all image resolutions.
Approaches have also been developed to handle the issue of low soft-tissue contrast
and resolution in some CT images by deriving better feature representations from
images using squeeze—excitation blocks [29] and self-attention formulations [21].
An advantage of self-attention methods [21] is that spatially separated image con-
tent, that can inform local segmentation, can be extracted, which in turn helps seg-
mentation. For example, the inferred location of the mandible helps better localize
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Table 11.1 Representative deep learning methods applied to radiation oncology for CT datasets

Method| Location Approach summary
[17] Head and neck: cord, mandible, parotid 2D patch-based U-net for individual
glands, submandibular glands, larynx, organs
pharynx, eye globes, optic nerves, and optic
chiasm
[29] Head and neck: brain stem, optic chiasm, 3D whole CT U-net combining squeeze
mandible, optic nerves, parotid glands, and excitation layers
submandibular glands
[30] Head and neck: brain stem, larynx, eye 2D organ detection followed by Unet
globes, lens, mandible, oral cavity, mastoid, | segmentation network
spinal cord, parotid gland, optic nerve
[31] Gross tumor volume 3D patch densely connected network
[24] Head and neck: brain stem, larynx, oral 3D patch-based Unet
cavity, esophagus, esophageal sphincter,
pharyngeal constrictor, cricopharynx,
parotid glands, submandibular glands
[21] Head and neck: parotid glands, 2D Unet with self-attention module
submandibular glands, spinal cord,
mandible
[32] Head and neck: parotid glands, 3D patch-based Unet
submandibular glands, spinal cord,
mandible
[22] Lung: heart, esophagus, trachea, aorta 2D sharp-mask Unet to focus on small
organs, e.g., esophagus
[33] Lung: heart, esophagus, spinal cord, and Two-stage 3D Unet for localization and
lungs segmentation
[34] Lung: heart, esophagus, spinal cord, lungs | U-net GAN based segmentation
network; fully convolutional
discriminator loss distinguishes whether
segmentation is from expert or
algorithm
[18] Pelvis: prostate, femoral head, bladder, 3DUnet consisting of organ localization
rectum with boundary losses
[35] Pelvis: bladder, rectum, prostate Pseudo-MRI generated through a
cycleGAN trained with paired image
sets is used for segmentation

parotid gland contours. Figure 11.3 shows an example of a self-attention-based seg-
mentation derived using our approach [21], along with the dose volume histogram
(DVH) compared between this method and a standard U-net segmentation of head
and neck organs. As seen, this method more closely approximates the expert-
derived DVH.

The method for HN organ-at-risk (OAR) segmentation has been implemented in
our clinic for routine segmentation using a in-house developed software pipeline,
called the Ensemble of Voxelwise Attributors (EVA). The EVA pipeline (shown in
Fig. 11.4) consists of file watchers and listeners to automatically detect when
DICOM images become available for analysis, as well as when segmented results
are available for storage. The file watchers and listeners interface with the
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commercial MIM software, which stores the DICOM images and results for visual-
ization and storage and the high-performance computing clusters where the deep
learning methods are executed. The appropriate deep learning method for a given
disease site is automatically invoked based on DICOM headers with required pre-
processing, post-processing, and conversion to RT structs handled by our in-house
developed and open-source CERR software. The EVA pipeline has been used to
analyze more than 300 HN cancer patients since May 2020. Automated segmenta-
tions have also reduced user effort in editing (parotids of 54.5%, submandibular
glands of 56%, mandible of 59%, cord of 74%, brain stem of 70%, and oral cavity
of 51%), measured on a randomly sampled subset of 71 cases.

Another approach to improve inference on low soft-tissue contrast images such
as CTs is to use the more informative modality of MRI to derive more informative
features [20, 35, 44, 45]. Effectively, the MRI information informs the interpretation
of geometry and features in the target CT images that cannot be learned from
CT-only datasets. We have developed this approach extensively. Work in [35]
learned a model to synthesize a pseudo-MRI from CT images using subject paired
sets of CT and MRI training sets. The work in [45] goes a step further and shows
how unpaired CT and MRI image sets can be used together. A key advantage of this
approach is that MRI datasets are seldom available on the same patients as a CT
dataset, and just as importantly, one often has a much larger CT dataset available.

11.4.3 Magnetic Resonance Imaging Segmentation
for MR-Guided Radiation Therapy

Magnetic resonance imaging, due to its better soft-tissue contrast, has become the
cutting edge for treatment planning and for in-room image-guided adaptive radia-
tion treatments [46]. However, a fundamental problem with using MRI for radiation
therapy is the lack of robust auto-segmentation tools. As this modality is new for
radiation oncology, implementing deep learning for MRI has a different issue stem-
ming from the lack of sufficiently large training sets. Recent work has addressed
this issue through cross-modality learning. Commonly used approaches leverage a
labeled dataset in a different modality such as CT to segment on the MRI using the
cycleGAN [47] method. Examples of this approach include knee segmentation from
MRI [48], cardiac image segmentation [49], and MRI-based liver segmentation
[50]. Improved architectures address the issue of poor image transformation espe-
cially between highly different modalities, i.e., CT and MRI, by using constraints
on the geometry of the segmented structures [20, 44, 51], deep supervision losses
[35]. However, a problem with these modality transformation-based techniques is
the difficulty to model the appearance of the target MRI modality. Geometric con-
straints help to preserve the shape of the various structures, but modeling the appear-
ance (textures) within such structures is difficult. Furthermore, as MRI has multiple
sequences available, training using the standard cross-modality adaptation tech-
niques would require training separate one-to-one modality transformation network
for every sequence. In our recent work [52], we developed a new approach for better
preserving the appearance of the various segmented organs by combining the
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segmentation probability maps with the images as a joint distribution by the dis-
criminator [52]. We also developed a one-to-many modality transformation and
unsupervised abdomen segmentation approach using a single network [53].

In summary, the number of methods and the application of deep learning meth-
ods for medical image segmentation in radiotherapy are rapidly growing. It is nota-
ble that advances particularly in the area of developing novel architectures and
losses (cost functions to guide improvements) are done in disease sites with well-
curated open-source datasets. As seen on Table 11.1, the number of methods devel-
oped for head and neck and lung is much higher than the methods developed for
other disease sites. Open-source datasets may have a disadvantage in terms of the
number of available cases, but they are nevertheless extremely useful resources.
Often, such datasets are provided from multiple institutions [54], with the segmen-
tations carefully verified [55], sometimes with multiple raters. More importantly,
such datasets provide a common benchmark reference to evaluate new methods
against existing methods and improve upon those methods.

11.5 Toward Al-Guided Radiotherapy

Deep learning methods have particularly demonstrated feasibility regarding tissue
segmentations. A key future application of deep learning methods will be the exten-
sion to in-room cone-beam CT (CBCT) and MRI-guided analysis in real time for
patient setup and monitoring. For example, the ability to estimate the position of the
esophagus and the gross tumor volume together, on a per-fraction basis, in real time
during standard X-ray fraction delivery for lung radiotherapy, could enable signifi-
cantly better sparing esophageal sparing and smaller target volumes in general. The
same principle holds true, of course, across the body. In addition to the improved
use of CBCT data, these tools will enable better tracking of tumor changes over a
course, thereby supporting improved dose-accumulation mapping, adaptive ther-
apy, and generally more limited treatment margins. The potential normal tissue
damage that could be avoided through this program is massive. An envisioned
Al-guided RT workflow as depicted in Fig. 11.5 could become practical and clini-
cally widespread with advances in Al segmentation and image registration methods.

Deep learning
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Fig. 11.5 AI-Guided Radiation Treatment (AIGRT) workflow for more precise radiotherapy
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Image fusion or registration is a frequently used as a critical step in radiation
therapy. Image registration is a process of bringing two images such as a planning
CT image and a current image of the day (e.g., CBCT image) into alignment.
Accurate volumetric image registration can quantify geometric changes in the anat-
omy during treatment, localize and monitor patient motion, and assess tumor and
normal organ response during and post-radiation treatment. The fusion is typically
accomplished by deformably warping a moving image into a target image. Image
registration is thus essential for image guidance in adaptative therapy [28], tumor
motion tracking [56], and dose accumulation [57, 58]. Shrinkage is known to vary
spatially and also varies between some tumors even of the same histology and site
[59]. Such differences in dynamic treatment response, if they can be captured accu-
rately, could potentially be used to further characterize whether treatment is pro-
ceeding effectively, as expected, or alternatively for adapting or altering treatment
[28, 60]. Deep learning provides a new toolbox, compared to standard grid-based
methods, or mechanical simulation methods, to possibly improve the accuracy of
derived deformations, including local tissue shrinkage [61].

One of the biggest advantageous of using deep learning methods for performing
registration is the computational speed, which is typically 1 min or less due to the
efficient convolution architectures. However, the problem of training deep learning
methods for performing registration is the difficulty in obtaining examples with
known deformation vector fields (DVF). Deep registration methods have handled
this issue by employing either unsupervised learning, wherein the ground truth is
not available, or through self-supervised learning mechanisms, wherein the errors
are estimated based on image similarity metrics computed from the features derived
using the deep network from the underlying data. These self-derived deep metrics
are more easily applicable to inter-modality registrations (such as CT and MRI, CT
and noisy CBCT) than commonly used metrics like the modality independent
descriptors (or MIND), mutual information, and mean square metrics. For example,
in [62], training used aligned pairs of image patches from target and moving images,
with the transformations (scaling, rotation, translation) varied for both the image
pairs. The network was optimized to accurately classify whether the image patches
were subjected to the same or different transformations. The work in [63] used
paired sets of MR and ultrasound images of prostate gland for registration with a
network predicting the registration error, computed as a misalignment of the surface
points of the prostate gland.

Deep learning registration methods often predict the registration transformation
functions by directly estimating the deformation vector fields (DVF) from the
images. The image to be registered is then resampled to the reference image grid
using the DVF. An advantage of methods such as in [64—66] is that only one pass of
through the network is required to estimate the DVF, unlike standard registration
methods that require iterative optimization, and making these methods capable of
producing registrations rapidly. This clearly is very attractive for real-time motion
management radiation treatments. Also, as the registration network is trained in an
unsupervised way, there is no need for a ground truth DVF. Instead, the network
backpropagation errors are calculated directly by measuring the dissimilarity
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between the warped moving and target image using standard registration metrics
such as mutual information or normalized cross-correlation.

In addition to using image dissimilarities to compute the registration, works such
as in [67], used the insight that structures of interest are more stable and easier to
use as anchors to stabilize registration. In other words, agreement between segmen-
tations was used as the loss (goodness) metric. In addition, a spatial transformer
network was used to deform the images and used to compute similarity between the
deformed and the target image such that the whole training could be performed
without having ground truth deformation vector fields. Other work [68, 69] has
shown that combining segmentation with registration improves registration
performance.

Image registration using deep learning is therefore an active and promising area
of research and has many applications including multi-modal image registration for
improved image guidance for radiation therapy, radiation treatment planning for
leveraging other imaging modalities, and dose-accumulation studies for studying
response and complications from radiation therapy.

11.6 Quality Assurance

Finally, manual assessment of plan quality can be made more efficient and less
prone to user variabilities by incorporating machine learning. Previously, random
forest-based methods have been shown to be useful in assessing contour quality of
organs at risk [70]. These techniques could be further improved by employing deep
learning methods. Bayesian deep learning methods can be leveraged to model the
uncertainty in segmentation [71]. Newer approaches employ noise regularized
training to model the uncertainty in segmentation [72]. Such techniques can be used
to improve not only the performance of the network to unseen noise variations in the
data but also provide a voxel-wise uncertainty estimate, which can be useful both
for contour quality assessment, but may also be incorporated into the planning
method. Al can also be used more generally in QA, to monitor other data such as
machine performance and plan characteristics to identify issues that need human
focus [73].

11.7 Obstacles for Al and Deep Learning

Despite the obvious potential of Al methods in oncology in general and radiation
oncology in particular, it is important to keep in mind current limitations of Al,
including the following: the reasoning used in deep learning models is obscure [74];
inherent vulnerability to inter-cohort differences being “over-learned,” resulting in
biased answers [75]; the potential for highly uncertain answers when some aspects
of the analysis sample are different from the training data [76]; the often minor
improvements in prediction accuracy over more transparent, and simpler, methods
[77, 78]; and relatedly, the problem that inductive Al methods, such as deep
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learning, suffer from a “lack of common sense,” due to a lack of a basic background
knowledge or rules and valid deductive processes [79]. Another obstacle to the
acceptance of Al is that a process to modify models, in particular target volume
models, is needed. This clearly requires capturing segmentation contour modifica-
tions for later model retraining. Just as importantly, the impact of deployed Al tools
must be studied to understand the positive and possibly negative impacts [80].
Despite these caveats, progress has been especially clear in the areas of image anal-
ysis, where data and training information are adequate. We briefly expand on data
requirements and the issue of generalizability below.

11.7.1 Data Size Limitations

Despite the tremendous success of deep learning in radiation oncology, there are
fundamental challenges that still remain for deep learning in this field. First and
foremost is the data size limitation. This is because data collection is highly time-
consuming, as the “ground truth” creation requires experts and is time-consuming
and laborious. Second, due to the difficulty and skill required for interpreting medi-
cal images, there is no “ground truth” but only expert interpretations. Interpretations
vary between experts and even for the same expert, creating an insurmountable
problem for any machine learning to learn an accurate representation of the struc-
tures of interest for segmentation. Learning an algorithm that accommodates for all
these variabilities is extremely difficult.

Third and finally, deep learning on small datasets leads to the problem of over-
fitting. Overfitting is a problem when the model exactly or very closely fits the train-
ing data such that its performance on unseen testing data degrades. This is
particularly problematic for parameter heavy deep learning networks. Their large
capacity can essentially allow them to memorize the training sets, ultimately lead-
ing to poor performance on the testing datasets. The field of deep learning has devel-
oped many strategies for “regularizing” answers where data are inadequate, in an
attempt to reduce the likelihood of an absurd result. Hence, good regularization
constraints are crucial to prevent over-generalization. The most effective way of
handling over-fitting is to expand the training set by generating fake, yet realistic,
data through transformations of available data, a process called augmentation.
Approaches have used cross-modality information [20, 44, 53] for data augmenta-
tion and to improve accuracy [35, 45]. Physics-based data augmentation strategies
have also been used to generate data using physically realistic processes known to
underlie the data generation process [81].

11.7.2 Generalizability on Unseen Data and Concept Drift
Another common issue for most deep learning methods is concept drift, wherein the

deep learning method trained on images obtained from a certain protocol produces
very poor performance on testing data that may be acquired from a different
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imaging protocol or a different scanner. For example, accuracies have been shown
to drop when testing of deep learning method was done on images acquired with no
or different CT contrasts [82].

Handling concept drift, also known as domain adaptation, critical to generaliz-
ability, is an active area of research in computer vision and medical image analysis.
Several promising approaches are being developed including the use of feature-
level adaptation methods that essentially train an algorithm to extract features that
are invariant across domains [83]. However, it is important to keep this issue in
mind when commissioning deep learning algorithms in the clinic.

11.8 Other Areas in RO Likely to be Impacted by Al

Undoubtedly, radiation oncology will be impacted in other areas by Al, including
image-based prognosis, treatment response prediction, and treatment response clas-
sification at follow-up. Other Al/machine-learning applications will emerge to sup-
port general oncology treatment decisions regarding the specific drug needed for a
specific tumor that will integrate bioinformatics, statistical learning, and Al meth-
ods. Most of these applications will mature at a slower rate than image segmentation
applications, due to the difficulty in assembling the huge datasets required, given
that for these other applications, each subject (or lesion) represents just one learning
instance. For example, Al is emerging as a key method of predicting phenotypes,
including radiation treatment response, based on the germline (normal) genotype.
The primary input is a genome-wide single nucleotide polymorphism (point of pop-
ulation genetic variability in the genetic code). We have developed and used
machine-learning-based methods to build patient-specific risk prediction models for
multiple endpoints, including late rectal bleeding, erectile dysfunction [84], and
urinary toxicity [85], all following prostate radiotherapy, and radiation-induced
breast cancer in young (40 years or younger) breast cancer patients [86]. Other
applications of machine learning on genomes to predicting phenotypes have recently
been reviewed [87, 88]. Likewise, the field of radiomic signatures of disease type
and prognosis is likely to be enriched by using non-linear features derived using
deep learning. For example, transfer learning from a network learned on non-
radiological images has successfully been used to predict breast cancer phenotypes,
although the incremental improvement was modest [89]. Another recent application
used deep learning to classify head and neck lymph nodes according to risk of extra
capsular extension [90]. Yet another recent paper on lung cancer showed the poten-
tial to automatically identify lung tumor recurrence following radiotherapy [91]. It
seems likely that the line between radiomic signatures and deep learning will
become blurred as more deep learning filters are used as radiomic features [92, 93].
Eventually, another set of applications will emerge eventually that individualize
drug choices based on biopsy lesion transcriptomics and sequencing, combining
bioinformatics, advanced mathematical/topological approaches, and machine learn-
ing [94]. Finally, we are likely to see machine-learning approaches applied to
genomics merged with image-based information (“radiogenomics” in the
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radiological phenotype sense) to create RO decision tools. For example, “Would
successful treatment of these multiple metastases be likely to extend survival?”
These applications are further away from clinical use and will take longer to develop
and to validate, but ultimately will be impactful.

Despite the apparent value of Al approaches, there are many applications in radi-
ation oncology, including treatment planning algorithms [95], predicting tumor
response [96, 97], or normal tissue morbidity [98], where more transparent and
mechanistic approaches are likely to be just as predictive but more scientifically
helpful. In some cases, mechanistic models might be linked with Al-driven methods
to merge the two approaches [99, 100]. In cases where the signal has a clear low-
dimensional signature, Al approaches are unlikely to be needed or helpful.

11.9 Conclusion

Al methods can emerge anywhere that precisely measured high-dimensional data
can be used to drive clinical processes or treatment decisions. Success in deep learn-
ing and machine learning will undoubtedly provide another jump forward in radia-
tion oncology, with improvements in consistency, efficiency, and dose-delivery
accuracy. An area of immediate improvement is the deployment, by multiple groups
and vendors, of auto-segmentation tools. Despite still frequently needing some
human expert alterations, such tools still improve efficiency but most importantly
improve consistency far past the consistency attainable among experts. We therefore
expect deployment of these tools to actually improve outcomes, if only incremen-
tally. Extending auto-segmentation to on-treatment images (in particular, CBCTs)
to improve setup and dose-accumulation accuracy provides an exciting opportunity
to increase confidence in delivered dose and to reduce margins (“Al-guided-RT”).
Other exciting applications of Al will require the development of quantitative imag-
ing endpoints representing normal tissue damage or tumor status and are in develop-
ment. In addition, Al methods will allow for the more effective integration of normal
tissue genomics and, at some future point, integration of imaging, bioinformatics,
and tumor genomics. This is an exciting picture, but many challenges remain in
dataset construction, generalizability, hidden biases, comprehensive validity testing,
and even competition from non-Al methods.
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12.1 Introduction

In recent years, several clinical studies have shown the value of multi-modality
imaging for the assessment and prediction of tumor control (TC) following radio-
therapy (RT) [1-3]. Often, anatomical and additionally functional imaging tech-
niques such as computed tomography (CT), positron emission tomography (PET),
and magnetic resonance imaging (MRI) are used to acquire imaging biomarkers,
which are prognostic for treatment outcome in terms of TC after RT in different
tumor entities [4]. Multi-modality imaging is defined as a combination of imaging
modalities using different techniques, and physical principles to visualize different
functional and molecular properties of the same organ or tumor. In contrast, multi-
parametric imaging may also include different image formation processes, contrast
principles and analysis strategies within the same imaging modality, such as
T1-weighted, T2-weighted, diffusion-weighted (DW), and dynamic contrast-
enhanced (DCE) imaging, which are different contrast forming mechanisms under
the roof of MRI. TC is defined as the prediction of the absence of a detectable or
symptomatic tumor after the end of therapy or at a preset interval thereafter, e.g.,
3 months. Consequently, TC can be interpreted as the probability of cure for one
individual patient among a larger cohort of patients. Depending on the exact defini-
tion, TC can either be expressed as a fraction of patients being controlled after a
certain time or as a link between the time until recurrence is detected, thus addition-
ally involving a temporal component.
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The aim of defining models for tumor control prediction based on multi-
modal, multi-parametric imaging data is to improve classical outcome models
involving clinical factors such as tumor stage, tumor volume, patient age, radia-
tion dose, etc., by local, functional, and temporal components to gain specificity
and sensitivity. The ultimate goal of functional imaging-based prediction models
is to have a robust, three-dimensional (3D) basis for future patient-specific RT
interventions for improving the individual probability of cure by a personalized
RT approach [1]. However, robust and reliable TC prediction models require
quantitative imaging measures as input variables [5]. Such quantitative imaging
biomarkers (QIB) are essential for reliable response modeling and subsequent
therapeutic interventions on those models and QIBs in the future. According to
the imaging biomarker roadmap by O’Connor et al. [6], TC prediction models
can only be designed for QIBs, which have passed a first translational gap from
biomarker discovery toward a technical and early clinical validation in terms of
assessment of measurement precision in so-called validation trials. Consequently,
for every QIB proposed for prediction of TC following RT, a technical validation
assessing repeatability and reproducibility should be carried out before large
clinical trials are started, in which the biological validation and clinical effective-
ness of such QIBs are tested [7].

Prediction of TC following RT can be performed in two different ways. Most
studies intend to identify an imaging biomarker from multi-modal imaging, which
allows stratification of patients into responders and non-responders to RT. With
such binary prediction model, subsequent RT interventions can only be population-
based such as modifying the radiation dose for one group compared to the other
group. However, to guide the radiation dose prescription based on QIB values in 3D,
imaging-response models linking QIB values to a certain level of expected TC are
necessary [8].

This chapter will discuss the technical prerequisites for multi-modality imaging
to be used for outcome prediction and response assessment following RT in clinical
practice. Mathematical details on model generation and fitting will be discussed in
Chap. 15. Furthermore, this chapter will provide an overview on multi-modality
imaging techniques and QIB used for response prediction following RT in recent
studies covering different tumor entities.

12.2 Technical Requirements for the Use of Quantitative
Imaging Biomarkers to Predict Radiotherapy Outcome

In light of the great potential of multi-modality imaging and especially QIBs for TC
prediction, it is important to consider some technical and also clinical aspects of
multi-modality imaging techniques before starting clinical imaging trials and inter-
ventional studies. According to the imaging biomarker roadmap by O’Connor et al.
[6], a number of aspects need to be ensured before a quantitative imaging biomarker
can cross the first translational gap from biomarker discovery to early clinical stud-
ies which are necessary for initial prediction models of TC.
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12.2.1 Availability

An essential prerequisite for potential QIBs to be used for TC prediction following
RT is a broad clinical availability. Only imaging modalities which are widely avail-
able, easy to use, and cost-effective have proven clinical value for response assess-
ment in radiation oncology in the past. Examples for multi-modality imaging
techniques used for clinical response assessment and also to train prognosis models
are CT, [®F]-fluorodeoxyglucose (FDG) PET, anatomical MRI (T1- and
T2-weighted), and also DWI [2—4]. In contrast, other imaging modalities such as
hypoxia PET (e.g., FMISO, FAZA, HX4, see Chap. 2), proliferation PET (FLT, see
Chap. 2), DCE-MRI, or magnetic resonance spectroscopy (MRS) did not yet pass
the second translational gap toward routine clinical usage [6]. Even though promis-
ing studies in small cohorts were published by individual centers, those modalities
were not translated to larger multi-center trials, due to absence of broad availability,
lack of funding, or methodologically too complex application or analysis strategies.

12.2.2 Technical Characteristics of Imaging Systems

Depending on the mode of response prediction, which can either be a probability of
predicted risk for relapse or additionally the identification of high-risk regions in 3D
inside the primary tumor volume, different technical characteristics of imaging sys-
tems and data sets are important to be considered.

One essential aspect of each imaging modality is the spatial and geometrical
resolution. Spatial differentiation of high-risk areas can only be done using a grid
size adapted to the resolution of the imaging modality. For CT and anatomical MRI,
the spatial resolution is in the order of mm. In contrast, for functional MRI such as
DWI or DCE and for PET, the spatial resolution lies in the order of 4-6 mm. Further
essential characteristics to be considered for response prediction are geometric
accuracy and signal-to-noise ratio (SNR). If imaging data, which is acquired to
predict TC, shall subsequently be used to guide the creation of response-adapted RT
plans, geometrical accuracy of the underlying imaging modality is of crucial impor-
tance. Especially for MRI, geometrical accuracy has to be checked carefully regard-
ing two aspects: the imaging sequence and eventually also on a patient individual
basis. The effective SNR of an imaging technique is an important factor with respect
to reproducibility of the biomarker assessment. Generally, image acquisition proto-
cols need to be carefully optimized to yield optimal SNR levels for imaging bio-
marker studies [9].

12.2.3 Measurement Precision and Accuracy
Repeatability and reproducibility are related measures expressing the precision of

measurement of an imaging experiment [6, 10]. Repeatability refers to the preci-
sion, with which a measurement can be repeated regarding the same experiment
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performed multiple times using the same equipment (scanner, analysis software,
etc.) within a short time frame. Such test—retest measurements should be carried out
using phantom and more importantly also patient imaging data. To assess the mea-
surement precision of an imaging technique, the repeatability of these replicate
measurements can be quantified by estimating the within-subject standard devi-

ation wSD
1Y,
wSD = |— ) o;
g

Here, 0'1.2 refers to the within-subject variance determined from a series of n
replicate measurements in N different subjects. For a classical test-retest scenario
with only n = 2 replicate measurements per subject, the variance simplifies to
o} =d} /2 where d, is the difference of the two observations. The measurement
error can be quoted as wSD, whereas the repeatability coefficient RC according to
[11, 12] is given by

RC =1.96,/2wSD’

The repeatability coefficient represents the least significant difference between
two repeated measurements taken under ideal conditions at a confidence level of 95%.

According to [9], for cases where the repeatability varies with the magnitude of
the imaging biomarker measurement, the within-subject coefficient of variation
wCV should be calculated as

N

wCV =
N3 ,ul.z where u; denominates the mean measurement value for each

of the N subjects. Similarly, the percent relative repeatability coefficient RC,; can be

determined by

RC,, =1.96/2wCV?

RC,, can be interpreted as the cut-point where a change in the measured imaging
signal can be considered real with a confidence of 95% and not a measurement error.

A further method to assess the repeatability of multiple measurements is the
Bland—-Altman analysis [11] with the determination of limits of agreement (LoA) of
repeated measurements and visualization using Bland—Altman plots [12]:

LoA =[b—RC, b+R(]

Here, the bias b is defined by the mean difference of measurements. Further, it is
important to mention that the width of RC is not directly dependent on the sample
size of a repeatability experiment, but depends mainly on the number of subjects
included [12].

The consistency of repeated measures relative to the total variability of the popu-
lation can be assessed by determination of the intra-class correlation coefficient
ICC, defined as
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2
O-B

1ce c,+0;
where oy is the between-subject variance in the sampled population [12, 13].

In contrast, reproducibility refers to repeated measurements carried out at differ-
ent institutions using different equipment, software, and operators to ensure the
quantitative nature of parameter assessment, such as the apparent diffusion coeffi-
cient (ADC) in DW-MRI or the standardized uptake value (SUV) in PET imaging.
In this context, a technical bias of the biomarker is present if the value determined
via multi-modal imaging systematically differs from its real value [6].

12.2.4 Standardized Acquisition and Analysis

To ensure a high level of data comparability in multi-center settings, reproducibility
is mainly assessed in dedicated phantom studies, as specified, e.g., in guidelines of
the quantitative imaging biomarker alliance (QIBA) [14, 15] or the European
Association of Nuclear Medicine (EANM) [16, 17]. Hence, for multi-center trials
involving multi-parametric imaging accreditation of imaging procedures and analy-
sis workflows is recommended based on phantom and patient measurements before
study recruitment can be started.

In addition, a number of guidelines have been published to communicate best-
practice imaging standards for MRI, functional MRI, and also PET in order to
ensure maximum data compatibility with other centers and comparability of results
with published literature. Such guidelines exist for PET imaging [18] and also for
MRI [19, 20] to be used for RT purposes, such as treatment planning, response
monitoring or control prediction, and response-adapted treatment planning [21].

12.3 Quantitative Imaging Biomarkers for TC Prediction
Following RT

Over the last years, a number of different clinical studies have investigated the value
of multi-modal and multi-parametric imaging for prediction of TC following RT. In
addition to classical outcome indicators, such as stage, tumor volume, etc., mainly
measures derived from functional MRI and PET have been proposed as QIBs for RT
response prediction. Other studies have proposed combined QIBs from PET/MRI or
were based on Radiomics analyses using CT and PET imaging data, mainly.

12.3.1 Magnetic Resonance Imaging
Values of apparent diffusion coefficient (ADC) derived from DW-MRI have been

shown in many studies to be predictive for TC following RT. Several studies have
investigated the potential of using ADC for RT response prediction in head and neck
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cancer (HNC) [2, 22-25]. Also in other tumor sites, such as cancer of the uterine
cervix [26], brain tumors [27, 28], as well as rectal cancer [3, 29], ADC has been
identified as potentially powerful QIB for RT outcome prediction. Other studies
have reported changes of ADC values assessed in the first 1-2 weeks during the
course of fractionated RT as prognostic imaging biomarkers [30]. For DW-MRI,
repeatability coefficients of ADC assessment have been reported to be approxi-
mately 11% in brain [31, 32], around 26% for liver tumors [33, 34], and 47% for
examinations of the prostate [35, 36].

For prostate cancer, multi-parametric MRI consisting of T2-weighted anatomical
imaging, DW- and DCE-MRI has been shown to detect regions of recurrent tumor
[37-39].

Similarly, also DCE-MRI has been proven to have prognostic value with respect
to outcome after RT in different tumor sites, such as in HNC [40, 41], cervix cancer
[42], and rectal cancer [3]. Dedicated studies investigated the measurement accu-
racy of DCE-MRI and reported repeatability coefficients for the parameter K, of
approximately 21% in brain tumors and 56% for prostate examinations, respec-
tively [43, 44].

12.3.2 Positron Emission Tomography

In the last years, a multitude of studies has shown the potential of FDG PET as QIB
for TC prediction following RT. In HNC, for different metrics derived from FDG
PET imaging, such as maximum, peak, or mean standardized uptake value (i.e.,
SUVmaxs SUV e, or SUV ), correlations to outcome after RT were demonstrated
to be prognostic to RT outcome [45]. FDG PET uptake was shown to be a major
prognostic factor for RT success in non-small-cell lung cancer (NSCLC) [46]. Only
a few studies assessed repeatability and reproducibility of FDG PET imaging so far.
In NSCLC, percent relative repeatability coefficients for SUV,,,, and SUV ¢ of
approximately 30% were reported by Weber et al. [47]. Similar results were found
by Nygard et al. [48] who reported a relative repeatability coefficient of 32.4% for
total lesion glycolysis based on an iso-contour of 50% SUV,,... For ovarian cancer,
RC,; values of 16.3 and 17.3% were reported from a test—retest study for SUV .
and SUV,,,,, respectively [49].

In addition, hypoxia PET imaging using different radiotracers, such as
['8F]-FMISO, ['®F]-FAZA, ['®F]-EF5, or ['®F]-HX4, was reported to show signifi-
cant correlation with TC following RT in HNC as well as in NSCLC [8, 50-54]. As
typically SNR is quite low for hypoxia PET, different PET-derived metrics, such as
SUV naxs SUV eans tumor-to-blood-ratio (TBR), tumor-to-muscle-ratio (TMR), and
kinetic analysis of dynamic PET data, were proposed by different groups as QIBs
for RT response prediction. Also, for hypoxia PET imaging, relative changes of
hypoxia metrics detected early during fractionated treatment relative to assessments
before the start of RT have been identified as potential QIBs [51, 55]. Despite low
SNR of hypoxia PET, studies investigating the repeatability of hypoxia metrics
derived from PET imaging using dedicated hypoxia tracers have demonstrated
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reasonable accuracy. For FMISO PET, ICC values of 0.959 and 0.965 were reported
for SUV ..« and TMR, respectively [56]. In a recent test—retest study, hypoxia PET
using EF5 showed relative repeatability coefficients of 15%, 17% and 10% for
SUV nean, SUV o, and TMR, respectively [57]. Similar values for RC,,; were found
by Zegers et al. [58] with 15% (SUV e0n), 17% (SUV ), and 17% (TBR ).

12.3.3 Combined PET/MR

Since the clinical introduction of multi-modal imaging using hybrid devices, such
as combined PET/MRI, the added value of combining those modalities for better
outcome prediction after RT has been investigated. Several studies have shown that
combining QIBs from PET and MRI may considerably improve the prognostic
power compared to a single imaging modality in different tumor entities such as
HNC [59-61], cervical cancer [62, 63], and brain tumors [64]. Most studies investi-
gate the combination of previously proposed QIB from PET and MRI. For example,
Cao et al. found that MRI-defined QIBs, especially blood volume-related parame-
ters derived from DCE-MRI, added predictive value to clinical variables and com-
pared favorably with FDG PET imaging markers [60]. Similarly, Martens et al. [61]
reported in their study a predictive value for RT failure, loco-regional recurrence,
and death of both DW-MRI and FDG PET parameters. But combining SUV ., and
ADC,,, resulted in an even better prediction of treatment failure compared to single
parameter assessment.

12.3.4 Radiomics

In addition to hypothesis-driven biomarker studies aiming to identify single well-
described QIBs based on a biological rationale for RT outcome modeling, more and
more research in the field of multi-modal imaging for outcome modeling following
RT is performed using Radiomics approaches. Radiomics is a mathematical
approach which characterizes patterns and statistical quantities in the image domain
allowing for data-driven, un-biased searches of imaging biomarkers that might be
correlated to outcome after RT.

The first Radiomics studies proposing models for TC prediction after therapy
were based purely on CT imaging [65, 66]. Since then, FDG PET/CT Radiomics
was demonstrated to allow for improved RT outcome prediction with respect to
CT-only Radiomics especially in NSCLC [67-69] but also in HNC [70]. Similar to
QIB studies performed on the value of PET and MRI for RT outcome modeling,
also Radiomics models were shown to be more powerful when using imaging data
acquired during the second week of treatment [71].

Technically, Radiomics biomarker research is challenging with respect to repro-
ducibility and standardization, as a lot of different mathematical steps are required
during implementation which may cause high variability on the resulting data and
models. Schwier et al. [72, 73] have investigated different implementations and
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reported that many Radiomics features were highly sensitive to processing param-
eters. Zwanenburg et al. [74] proposed image perturbation in order to assess repeat-
ability of Radiomics features as an alternative to test-retest experiments, whereas
another study assessed Radiomics repeatability measures from comparison of PET/
MRI and PET/CT data [75]. Due to the high level of variation caused by different
implementations of Radiomics pipelines, only Radiomics features which are
acquired and computed in a validated and standardized way should be integrated
into models for TC prediction following RT [76].

Recently, also in Radiomics research, the added value of using data input from
multi-modality imaging was acknowledged by several studies [62, 63, 70].

12.4 Radiotherapy Interventions Based on QIB
Prediction Models

The ultimate goal of defining prognostic and predictive models based on QIBs in
radiation oncology is the need for personalized radiotherapy, which might be realized
via QIB-guided RT interventions. Hence, functional or biological RT interventions
imply the prescription of higher or lower radiation dose levels to certain tumor areas
based on readings from multi-modality imaging. Consequently, imaging parameters
used for individualized dose prescriptions need to be quantitative [5]. This motivates
the need for QIB research and clinical studies in radiation oncology [21].

QIB-based RT interventions can essentially be realized in two different ways. If
imaging biomarkers, such as Radiomics analysis do not provide any spatial infor-
mation, but only a numerical risk for relapse after RT, adaptations in radiation dose
levels need to be prescribed to the whole gross tumor volume. In contrast, if QIBs
derived from multi-modality imaging are coming with a quantitative and also 3D
spatial information, spatially and at the same time response-adapted RT interven-
tions, such as dose painting, can be applied [77, 78]. To realize dose painting treat-
ment plans, dedicated dose prescription functions have to be defined [79-81]. Such
dose prescription functions may be directly derived from TC models by virtue of
their definition as a function of QIBs [8]. Using TC models or probability maps of
tumor presence as an input for dose painting treatments, repeatability needs to be
verified for the whole process chain in order to make sure that such individualized
RT approaches are consistent and feasible despite small day-to-day variations [82].

To date, no clinical gold standards for QIB TC models exist in radiation oncol-
ogy. Most studies so far are mono-centric and suffer from small sample sizes and are
thus purely hypothesis generating. Referring to the imaging biomarker roadmap by
O’Connor et al. [6], most imaging biomarker studies in radiation oncology are still
in the first phase of biomarker discovery. To pass the translational gap toward bio-
marker validation, single- and multi-center studies are required to provide technical
validation in test-retest and reproducibility studies and also external clinical valida-
tion in multi-center trials. Data of those validation studies may be used in the future
to train validated models for TC prediction following RT based on QIBs which may
in a third phase then be used as a basis for RT interventions.
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In order to realize QIB-driven RT interventions with the aim of higher cure rates
and/or lower side effects of high-precision RT, robust and reproducible TC models
relating QIB and outcome following RT need to be established. Such models require
imaging biomarkers with high sensitivity and specificity, but also a wide clinical
availability of those multi-modality imaging techniques and pragmatic, easy-to-use
analysis strategies. Only widely available multi-modality imaging techniques, such
as DW-MRI or FDG PET, may provide large enough data sets for future paradigm-
changing response-adapted RT.
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13.1 Introduction

As many types of cancer are life-threatening, tumour control has a high priority in
cancer treatment. However, radical treatment is often limited by the surrounding
healthy organs that may lose their functions. These relationships were already consid-
ered by Holthusen [1] who described the probability of achieving tumour control and
developing normal tissue damage after radiotherapy as a function of radiation dose
(Fig. 13.1). The ability to deliver a sufficient tumour dose with a tolerable level of side
effects is characterised by the therapeutic window, which defines the target dose pre-
scription as well as dose limits for organs at risk (OARs) [2]. Efforts have been made
to widen the therapeutic window and to increase tumour control or to reduce the risk of
side effects, e.g. by modified fractionation schemes, new technologies, or biological
modulation [3]. For these efforts, statistical modelling is essential, relating patient and
treatment-specific risk factors that are associated with tumour radiosensitivity or nor-
mal tissue response to defined endpoints.

Statistical models for radiation treatment outcome are becoming increasingly
specific and complex. This is caused by two factors. One is the growing amount of
patient-specific data that are being collected and made accessible using electronic
hospital information systems. With decreasing costs, an increasing number of
patients receive in-depth analyses of their tumour tissue, generating multi-omics
data that may comprise thousands to millions of parameters from genomic, methy-
lomic, proteomic, radiomic, histomic, and other analyses. In addition, longitudinal
data are more commonly acquired, including repeated imaging or liquid biopsies.
The second factor comprises advances in computer technology and
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machine-learning algorithms, which allow for rapid analyses of these big data and
their integration in statistical models.

These developments enable new possibilities: tumour control probability (TCP)
models that classify patients into groups with a different risk of treatment failure are
essential for biomarker-guided interventional trials. Information from normal tissue
complication probability (NTCP) models can be considered in addition to physical
parameters during treatment plan optimisation in order to reduce estimated risks of
complication (biological treatment plan optimisation). Moreover, predictions of
NTCP models may support clinicians in identifying the optimal treatment plan
among different planning options or even among different treatment modalities.
Another aim that is facilitated by statistical models is adaptive radiotherapy, where
radiation treatment is altered during fractionated treatment depending on tumour
and normal tissue responses [4, 5].

Since the clinical application of statistical models may substantially affect the
treatment of patients, the question arises, what is a good model? A good model
addresses a relevant question in a reliable and reproducible manner. It is interpre-
table. It should either be better than the clinical standard or equivalent to it, but more
efficient. Hence, not every model reported in scientific literature will find clinical
application. Models may lack generalisability outside the cohort in which they were
originally developed. Other models may lack reproducibility due to incomplete
reporting. Again, some models may not actually address clinically relevant prob-
lems. And finally, models may require data that are too expensive or time-consuming
to obtain during clinical routine. To assess these intricacies and to increase the rate
of successful translation of models into clinical practice, a general understanding of
statistical modelling principles and their application is essential.

In this chapter, we therefore first outline general modelling principles, compris-
ing data types and endpoints, data pre-processing, modelling strategies, and valida-
tion procedures (Sect. 13.2). We then provide basic details on modelling tumour
response and complication probabilities of normal tissue (Sect. 13.3). Finally, we
present two relevant applications of outcome modelling in radiotherapy: the model-
based approach for assigning patients to photon or proton-beam therapy based on
NTCP models (Sect. 13.4) and radiomics analyses using medical imaging data to
predict tumour control (Sect. 13.5).

13.2 Basic Modelling Principles
A model essentially describes the relationship between input variables (features)

and an endpoint (outcome). In this section, we describe a modelling workflow and
related approaches, see Fig. 13.2 for an overview.

13.2.1 Data

In recent years, the amount and complexity of available data in radiation oncology
have increased substantially. Besides demographic, tumour or treatment-related
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Fig. 13.2 Schematic representation of the described modelling workflow. Data are divided into
two separate cohorts. The development cohort is used to create the model, which is subsequently
validated on unseen data in the validation cohort. The model development process consists of
several steps, including data pre-processing and feature selection, which produces additional
parameters. Such parameters (e.g. scale and shift parameters for normalisation of features) are
transferred to the validation cohort so that data in both cohorts are pre-processed in the same man-
ner. CV cross-validation

factors, dosimetric parameters and pathological findings, increasingly complex fea-
tures from the analyses of tumour tissue or liquid biopsies and from medical imag-
ing are available. These data are used to predict specific endpoints that may be
categorical (e.g. severity grades of side effects), numerical (e.g. hypoxic fraction of
the tumour), or survival data (containing an event time and an event indicator, e.g.
progression-free survival). Depending on the outcome type, different modelling
strategies have to be applied, see Sect. 13.2.5.

The quality of a model is highly dependent on the quality of the data. In general,
high-quality data must meet the following criteria:

1. Cover Patient Heterogeneity: The cohort used to develop the model should
represent the population to which it will be applied. For example, a TCP model
created using a cohort of patients with locally advanced head and neck squamous
cell carcinoma (HNSCC) may not be reliable for predicting TCP of patients with
early-stage HNSCC or of patients with pancreatic cancer.

2. Completeness: Complete data have no or very few missing feature values.
Features that contain many missing values will typically fail to relate to the
outcome.
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3. Uniform Labelling: The outcome is measured in the same manner for all sam-
ples. For example, progression-free survival should be measured from the same
starting date, e.g. from the start of radiotherapy or diagnosis, but not both.
Likewise, follow-up should be conducted similarly for all patients and radiation-
induced side effects should be reported using the same grading system and eval-
uation criteria.

4. Reproducible Acquisition: For example, tumour tissue or OARs should be seg-
mented according to standardised clinical guidelines so that extracted parame-
ters can be compared between patients. Imperfect reproducibility can be
somewhat mitigated by ensuring that sufficient data are available to identify
robust parameters.

The above requirements are generally not easy to fulfil. Covering patient hetero-
geneity requires a sufficient sample size in order to still detect relevant effects.
Moreover, these cohorts should preferably be obtained from different institutions to
allow for identifying and correcting institutional biases, e.g. due to different equip-
ment, treatment workflows, or follow-up procedures. Uniform labelling and repro-
ducible acquisition require standardised protocols and guidelines for prospective
application and data curation for retrospective studies.

In particular, dosimetric parameters and image features depend on the delinea-
tion of OARs and target structures. This should be performed according to stan-
dardised contouring guidelines to assure uniform structures. Automated contouring
may also be considered. To ensure consistent evaluation of outcomes and reduce
inter-observer variability, data on side effects should be collected prospectively
using standardised tests or grading systems (e.g. Common Terminology Criteria for
Adverse Events [CTCAE]) by continuously trained clinical staff. Predefined long-
term follow-up should be preferred, taking care to ensure the completeness of the
outcome data. In addition, prospective scoring of various potential predictor vari-
ables such as patient-, disease-, and treatment-specific data is required.

Meeting these requirements can be greatly facilitated by the use of digital infor-
mation systems, such as electronic health records. In addition, structured databases
may link the different available clinical systems, e.g. PACS, DICOM servers, bio-
banks, study databases, and others. This enables standardised and structured data
acquisition as well as curation and annotation of data, which in the end facilitates
sharing and linking of data with other institutions and thereby the collection of
larger datasets.

13.2.2 Data Analysis Strategy

The most important concern of modelling, after identifying the question and the
required data, is the strategy used to analyse the data. The analysis strategy defines
which data are used to develop the model, and which data are used to subsequently
validate it. Validation is important because it has to be demonstrated that the model
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works as expected. Assessment of the model should be unbiased [6]. Before we
describe different analysis strategies, it is important to consider what interrelated
sources of bias may occur in an analysis:

1. Overfitting: Given sufficient features, models can learn to predict the outcome
for development samples without error. This comes at a trade-off, as such mod-
els will typically fail to accurately predict the outcome for new samples, i.e. the
model overfits the development data (Fig. 13.3). Overfitting is typically associ-
ated with increasing model complexity, i.e. the use of a large number of features
relative to the sample size, or model algorithms that can capture high-dimensional
data, or both. For linear regression models, ten events per feature are often rec-
ommended to prevent overfitting as a simple rule [7].

2. Underfitting: Underfitting is the opposite of overfitting. A model underfits when
an increase in model complexity would have noticeably improved accuracy of
model predictions for new samples (Fig. 13.3). Underfitting is relatively
uncommon.

3. Structural Information Leakage: Information leakage occurs when informa-
tion concerning the validation data is used during model development. As a
result, the error in predictions on the validation dataset will be smaller than with-
out leakage. Leakage occurs in many forms, e.g. the presence of identical sam-
ples in development and validation datasets or feature selection based on the
combined dataset. Structural information leakage can be entirely prevented
through careful data curation and appropriate methodology.

4. Developer-Driven Information Leakage: Developer-driven information leak-
age occurs when the person responsible for developing a model uses results
obtained from the validation dataset, e.g. to select a particular model, tweak
modelling parameters, or select important features. Developer-driven informa-
tion leakage is more pernicious than structural leakage because it is difficult to
prove or disprove. The best way to avoid this issue is to limit access to the valida-
tion dataset entirely until a model has been completely developed. To a lesser
extent, this issue may also be addressed by registering the protocol for the mod-
elling experiment, registering the data prior to the experiment, and automating
parameter selection and other modelling steps.

Fig. 13.3 Over- and Underfitting Optimum Overfitting
underfitting during model
development. The
prediction error of the
development data set (red)
and the validation data set
(blue) is shown as a
function of model
complexity. For an optimal
model, the validation error i
has a global minimum Model complexity

Validation

Prediction error

Development




13 Modelling for Radiation Treatment Outcome 291

Four different types of analysis are described in the TRIPOD guidelines
(Transparent reporting of a multivariable prediction model for individual prognosis
or diagnosis) and assessed in terms of their level of evidence [8]:

Type 1: The development data used to create the model are also used to validate the
model. An important limitation of this approach is the tendency to produce opti-
mistic biases due to overfitting and information leakage.

Type 2: The available dataset is split into development and validation subsets.
While the validation performance will be more realistic than for type 1 analyses,
these approaches are still limited because general characteristics may be shared
across development and validation sets. Hence, the model is not necessarily
generalisable.

Type 3: A separate dataset is used to externally validate the model. This dataset is
recruited separately, e.g. from a different study in the same institution, or from a
different institution. The latter is preferable because this demonstrates model
behaviour and performance in the presence of potential institutional biases.

Type 4: A model is first developed (and published) and then applied to a new data-
set. Type 4 analyses provide the most reliable assessment of model performance,
as it avoids information leakage.

Type 3 and 4 analyses represent external validation. Models should preferably be
assessed using these analyses as the results tend to be more representative of actual
model performance. For model development, we moreover recommend splitting the
development dataset into internal development and validation subsets, e.g. using
repeated (stratified) cross-validation. The internal validation subsets can be used to
evaluate whether a model would over- or underfit by comparing model errors
between the subsets. Therefore, they can be used to guide the choice for different
modelling parameters, e.g. to choose a particular modelling algorithm or a signature
of features included in the model.

13.2.3 Data Pre-Processing

Before models can be created, data should be pre-processed. This typically includes
steps such as transformation, normalisation, and missing value imputation [9].
Though there is no fixed approach to pre-processing, we propose the following.
First, features and samples that have a large fraction (e.g. >10%) of missing val-
ues as well as constant features can be removed. Several modelling algorithms
assume that numerical features follow a normal distribution. Hence, the remaining
features can be power-transformed to make them follow a normal distribution more
closely. A typical transformation is logarithmic transformation, but Box-Cox [10] or
Yeo-Johnson power transformations [11] offer a more flexible approach.
Normalisation is used to ensure that each numerical feature has a similar value
range, as modelling algorithms can be sensitive to features with greatly varying
value ranges. Common methods are standardisation, which centres values at O by
subtracting the mean value and scales their range by dividing by the standard
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deviation, and rescaling, which limits feature values to a [0,1] or [—1,1] interval by
dividing a feature by the range of its values.

Normalisation is also a common preliminary step to batch normalisation. These
methods are used to reduce technical sources of variation between the samples
(batch effects), e.g. due to different imaging devices or protocols [12, 13]. All nor-
malisation methods that can be used over the entire data set, can also be employed
for batch normalisation, e.g. standardisation [14] or the ComBat algorithm [15].
However, batch normalisation may obfuscate or enhance batch effects due to actual
differences in patient outcome between cohorts.

Remaining missing values may cause statistical issues and some modelling algo-
rithms will fail to work if they are present. Therefore, they need to be addressed. One
method is simply omitting all samples with missing values. However, this may bias
results and leads to the loss of other, perhaps more relevant, information [16]. It is
generally better to impute missing data, for which various methods exist [17, 18].

Another issue that may be addressed during pre-processing is imbalance in out-
come classes. For example, low-grade radiotoxicity is generally more prevalent than
high-grade toxicity. As a consequence, a model that predicts the probability of side
effects may overemphasise the more frequent low-grade toxicity (majority class) and
be insensitive to the rare high-grade toxicity (minority class). Balancing the outcome
classes mitigates this issue, which requires either undersampling the majority class
or oversampling the minority class [19, 20]. Both undersampling and oversampling
have disadvantages. Undersampling is at the expense of removing samples, whereas
oversampling requires the generation of synthetic data. The SMOTE [21] and
ADASYN [22] algorithms are commonly used for oversampling. Class imbalances,
however, may also be considered outside of pre-processing, e.g. through modelling
algorithms that can handle class imbalance [23, 24].

13.2.4 Feature Selection

In modern clinical datasets, the number of features can well exceed the number of
samples. However, only some of these features will be important for the outcome.
We can make the modelling process more efficient by first excluding non-
reproducible features, further reducing the dimensionality of the problem, and only
then determining the importance of the remaining features.

In particular, in datasets where the number of features exceeds the number of
samples considerably, some features may be highly dependent on the specific exper-
imental conditions and are thus not reproducible in repeated experiments or by other
centres. Such features should be excluded. For example, through repeated measure-
ments, it has been established that radiomics features computed from medical imag-
ing have varying degrees of reproducibility [25]. Feature reproducibility may be
identified from the literature, by performing repeated measurements, through the
use of phantom data, or perturbation of image data in case of radiomics [26].
Sometimes it is not possible to assess robustness and care should be taken in the
interpretation of the obtained results.
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Dimensionality reduction may be approached by projecting the actual feature
space to a lower-dimensional feature space, e.g. by principal component analysis or
linear discriminant analysis [27]. As an alternative, unsupervised clustering algo-
rithms may be applied to remove highly correlated features. Such features carry
essentially the same information and are thus redundant. Moreover, the presence of
redundant features may lead to correlation bias [28]. Hence, such features can be
replaced by a single cluster feature [29, 30]. Clusters are formed by computing the
similarity between pairs of features using certain metrics, such as Spearman’s rank
correlation coefficient (for numerical features) or McFadden’s pseudo R? (for any
feature type), as input to cluster algorithms [31]. Each cluster can then be repre-
sented by a single feature, e.g. the central feature, a meta-feature such as the mean
value across all features in the same cluster or the feature that is most strongly
related to the outcome.

The remaining features are used in feature selection, aiming to identify the most
important features that show the strongest association with the endpoint and should
be incorporated into a model [32-34]. However, feature selection results may be
sensitive to the underlying dataset [35, 36]. To improve the stability of results, fea-
ture selection can be repeated using resampled subsets of the data [37-39]. Feature
importance in each subset is then aggregated over the ensemble of subsets to obtain
an ensemble feature importance [40]. The final number of included features (signa-
ture size) can be determined during hyperparameter optimisation, which is described
in the next section. Some modelling algorithms, such as LASSO regression [41] and
model-based boosting [42, 43], perform feature selection internally. Still, such algo-
rithms may benefit from filtering irrelevant features and removing redundant ones.

13.2.5 Model Training

Modelling algorithms try to learn the relationship between features and the out-
come. Hundreds of algorithms have been devised [44] and their applicability may
depend on the type of the considered outcome, see Table 13.1. We generally recom-
mend starting with the use of simple algorithms such as generalised linear models
[52] or algorithms based on the least absolute shrinkage and selection operator [41].
The models created by such algorithms are easily understood and reported, and they
can be used as baseline models. Given sufficient samples, more complex algorithms
such as random forests [53] and extreme gradient boosting [54] may produce mod-
els that give better results.

Complex algorithms are characterised by the presence of many model hyperpa-
rameters, such as the number of decision trees in a random forest or the learning rate
in extreme gradient boosting. However, even simple models have one or more
hyperparameters, such as the signature size. Hyperparameters need to be provided
manually or determined from the data through an optimisation process. An advan-
tage of automatic optimisation is that it avoids manual bias. Grid search is a com-
mon method that samples the hyperparameter space at specified positions, and
trains and evaluates a model at each position. This works well for simple models
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Table 13.1 Common models and metrics for model discrimination based on categorical, numeri-
cal, and survival endpoints

Numerical
Categorical endpoint endpoint Survival endpoint
Example models | Logistic regression Linear Cox regression
Support vector machines regression Boosted-tree regression
Neural networks Random forest | Survival random forest
Random forest Neural
networks
Discrimination Area under the receiver Mean-squared | Concordance Index [46]
metrics operating characteristic curve | error
(AUC) [45]
Balanced accuracy [47] Root-mean- Censoring-Corrected
squared error Concordance Index [48]
Brier score [49] Explained Integrated Brier Score
variance [51]
Matthews correlation Median
coefficient [50] absolute error
Sensitivity
Specificity

with few hyperparameters. For high-dimensional hyperparameter spaces, a grid
search is no longer efficient. Random search [55] or sequential model-based optimi-
sation [56, 57] is more efficient alternatives. The optimal model hyperparameters
are then used to create a final model from the available development samples.

13.2.6 Model Evaluation and Interpretation

Model evaluation shows whether a model has acceptable performance characteris-
tics and whether it generalises well. Models are evaluated on validation samples,
e.g. from an external validation dataset. A comparison with development samples
may moreover indicate the presence of overfitting and insufficient data heterogene-
ity in the development data.

There are at least three areas that should be evaluated for a model: model dis-
crimination, model calibration, and model benefit. In addition, model stratification
should be assessed for survival endpoints.

An assessment of model discrimination shows how well the model can predict
the outcome of samples, and whether it discriminates better than at random. This is
done by comparing the predicted outcome with the observed outcome using one or
more appropriate metrics (Table 13.1). Note that many metrics for categorical end-
points, that are commonly used in clinical settings, are sensitive to class imbalances
in the underlying samples, e.g. sensitivity, specificity, and accuracy [58]. These met-
rics should be interpreted with caution.

Even though a model may discriminate well, this does not mean that it is well-
calibrated [59]. Well-calibrated models have the ability to accurately predict class
probability (categorical endpoint), survival probability at a time 7 (survival end-
point), or value (numerical endpoint) for each sample. For example, a well-calibrated
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NTCP model can be used to accurately estimate the probability of the considered
radiotoxicity. A well discriminating but not well-calibrated model is capable of dis-
tinguishing between samples with and without toxicity, but the predicted probabili-
ties do not correspond to those observed.

Another important part of model evaluation is a comparison with existing mod-
els or the clinical standard, or if these do not exist, with null or random models. If a
new model is to be translated to the clinic, it should improve upon existing alterna-
tives in terms of predictive power or cost. Additionally, clinical usefulness can be
assessed using decision—curve analysis [60—62]. This analysis can be used to deter-
mine whether a model would improve decision-making.

Also, the ability of the model to stratify patients into risk groups is clinically
relevant and should be assessed [63]. For this purpose, one or more thresholds are
determined from the development data and used to form different risk strata. The
difference between these strata can then be evaluated by an appropriate significance
test [64].

The assessments discussed above only describe model characteristics. Another
important aspect of modelling, one that is often overlooked, is model provenance.
Many complex modelling algorithms are black boxes in practice. Understanding
why an algorithm came to a certain prediction is relevant for any clinical model
because it may point out particular biases or incompleteness of the model [65]. The
following aspects of a model can be investigated, though this list is not final:

1. What Is the Importance of Each Feature for the Model? This can be answered
in different ways. For example, in regression models, individual coefficients can
be evaluated, e.g. odds ratios for logistic models. A model-agnostic approach
expresses feature importance by comparing the discriminatory performance of
the developed model between the given dataset and a dataset in which the con-
sidered feature is randomly permuted [66].

2. How Does Each Feature Affect the Outcome? Explaining how the outcome
depends on a feature value may help to elucidate non-linear behaviour or to
illustrate potential biases in the model, i.e. feature values that lead to unexpected
outcome values. The relationship between a feature and the outcome may, for
example, be illustrated by partial dependence plots [67] or individual conditional
expectation plots [68].

3. Which Features Are Similar? Similar features, such as highly correlated ones,
contain mostly the same information. Newly identified important features for a
particular outcome should be compared for similarity with established features.

13.2.7 Model Application

After successful evaluation and potential further prospective validation, models
may be applied to identify patient subgroups, for example in interventional clinical
trials that test the efficacy of treatment modification. Stratified block randomisation,
taking the most important confounders into account, should be preferred but may
not always be applicable, as discussed in Sect. 13.4. A suitable primary endpoint
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and the final statistical test have to be chosen, e.g. accounting for competing risks,
censored data, and patient drop-out. For sample size planning, a realistic estimate of
the expected effect and variability in the primary endpoint is decisive. Monitoring
should be performed following good clinical practice including site initiation,
interim monitoring, and closeout. Standard operating procedures and procedures for
homogenised data acquisition and storage need to be defined in case of several par-
ticipating centres in order to avoid site-specific bias and missing data. Advanced
biomarker-specific trial designs may enhance the success probability of the trial and
combine the steps described above [69, 70].

13.3 Introduction to TCP and NTCP Models

In this section, we introduce classic TCP and NTCP models and outline their appli-
cation in biological treatment plan optimisation and evaluation.

13.3.1 Poisson Model of Tumour Control Probability

Tumour control probability models are used in radiotherapy to estimate the proba-
bility of an effective tumour treatment with the planned dose. Common TCP models
assume that tumour control is achieved when no single clonogenic cell of the tumour
survives after irradiation. They are often based on the linear-quadratic model, which
describes the surviving fraction SF of an original cell population irradiated with
dose D by
SF = ~(ap+pD?)
=e (13.1)
Here, o and f are tissue-specific parameters describing the mechanisms of cell
damage [71]. Combining the surviving fraction SF with the number N, of clonogens
per tumour before irradiation, the average number of surviving clonogens per
tumour N,-SF is obtained. Since the elimination of cells by radiation is a random
process and the probability of single cells to survive is low, TCP can be approxi-
mated by a Poisson distribution for the case of zero surviving clonogens. The stan-
dard model of tumour control is [72]

TCP = & V0 (13.2)

This function describes a sigmoidal curve increasing from 0 to 100% with
increasing dose. It can be characterised by the dose TCDs, at which 50% of the
tumours are controlled, and by the normalised dose—response gradient (or slope) s,
defining the steepness of the TCP curve at the 50% response level. Under a single-
hit assumption (f = 0), the Poisson TCP model can be quantified by [73]

TCP = 21{%7[”%Dﬂ (13.3)
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To determine TCDs, and ys, clinical studies with varying prescribed dose but
fixed number of fractions or dose per fraction have been conducted for several
tumour entities. These parameters were tabularised, e.g. by Okunieff et al. [74].
Extensions of this model including tumour repopulation, incomplete repair, hypoxia,
and non-uniform dose distributions were considered [75-77].

13.3.2 Modelling of Normal Tissue Complication Probability

NTCP models aim to predict the probability of complications based on the dose
distribution in associated irradiated organs. For this purpose, the three-dimensional
dose distribution is often reduced to a few simple metrics that can be derived from
a dose-volume histogram (DVH). Some of the different methods for modelling clin-
ical outcome data of retrospective patient cohorts and their dose distributions are
described as follows [78].

1. DVH-Reduction Models: Based on the data published by Emami et al. [79], the
empirical Lyman-Kutcher-Burman (LKB) model was developed. The LKB
model describes the dose-response as a function of irradiated volume by reduc-
ing the DVH to a single metric to estimate model parameters for specific OARs
[80-83]. The model includes TDsy, m and n as parameters. The parameter
TDso(V) is the tolerance dose for uniform irradiation of a partial volume V of an
OAR at which 50% of patients are likely to experience a specific toxicity. The
parameter m represents the slope at the steepest part of the dose-response curve.
The parameter n describes the volume effect of the investigated OAR [84].
Serially structured organs such as the spinal cord show n ~ 0, while parallel
organs are characterised by n ~ 1. Taking fractional irradiation into account, the
LKB-NTCP model for a uniform dose D to a volume V of an OAR is given by

NTCP,,, = ﬁiexp [g] du (13.4)
with t:%];o(l/), (13.5)
50
and
Dy, (V) =% (13.6)

where Vg represents the entire volume of the considered OAR.

However, dose distributions to OARs are non-uniform. The inhomogeneous
dose distribution can be reduced to a single metric that produces the same prob-
ability of a given side effect as a corresponding uniform dose distribution. Such
a metric is the widely used generalised equivalent uniform dose gEUD given by
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1a
gEUD = [ v,.D;'j (13.7)

where D, is the dose defined for each dose bin i in a differential DVH. v; is the
volume in a dose bin i and a is a volume parameter that is equivalent to 1/n. This
‘homogeneous’ dose can then be applied as D = gEUD in the LKB model in
Eq. (13.5).

2. Tissue-Architecture Models: These more mechanistic models are based on the
functional architecture of the tissue by introducing functional subunits of an
OAR. These can be anatomical substructures, such as nephrons of the kidney, or
the largest cell group that still functions as long as it comprises a surviving clo-
nogen [78]. These functional subunits can be arranged in serial or parallel order,
or in a combination of both. In parallel organs, functional subunits are perform-
ing rather independently so that side effects occur after the irradiated volume
exceeds a critical value. Side effects that arise from irradiation of parallel organs
depend on the mean dose deposited in these organs (e.g. liver, lung, or kidney).
Killman et al. [85] suggested the relative seriality model, in which an organ
consists of several serial and parallel structures whose reaction is described by
Poisson statistics. The volume effect is characterised by a parameter s indicating
the relative seriality of the organ, i.e. the proportion of serial subunits of an
organ. A serial organ is characterised by large values (s & 1) and parallel organs
by small values (s << 1). Other models based on the assumption that NTCP can
be determined by functional subunits are for example the critical volume model
[86] or the critical element model [87].

3. Multiple-Metric Models: The above-mentioned models predict the complica-
tion probability for one specific side effect based on the dose to a corresponding
OAR. However, some complications are caused by the irradiation of different
OARs, e.g. swallowing dysfunction following the irradiation of superior pharyn-
geal constrictor muscle and the supraglottic larynx [88] or heart valvular dys-
function by the irradiation of heart and lung [89]. To correct for this in LKB
models, an interaction gEUD variable for both OARs can be introduced [89].
Moreover, side effects may also be related to dose-independent clinical param-
eters, such as age, radiation technique, gender, or chemotherapy [88, 90].
Multivariable logistic regression models are appropriate to include both clinical
and dosimetric parameters. They are defined by

NTCP,

Logistic

=(14e) ", (13.8)
with g (x) =, +Zp:ﬂixi (13.9)

Here, p; denote model coefficients and x; are the p individual explanatory
variables.
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Example: Logistic NTCP models for acute side effects after cranial proton-
beam therapy were developed and validated in independent patient cohorts treated
at three different proton therapy centres, based on methodology described in Sect.
13.2 [91]. Alopecia grade > 2 showed a strong association to the dose—volume
parameter D5% of the skin in repeated cross-validation performed on the develop-
ment cohort (AUC = 0.82, Fig. 13.4a). The corresponding NTCP model (Table 13.2)
was applied to the two remaining validation cohorts, which showed similar AUC
values (0.77 and 0.85, Fig. 13.4b). While the calibration slopes were close to one in
validation, the intercept deviated from zero, possibly due to centre-specific differ-
ences in toxicity assessment (Fig. 13.4c).

13.3.3 Application: Biological Treatment Plan Optimisation
and Evaluation

During the last decades, fluence modulated beam delivery techniques, such as
intensity-modulated radiation therapy (IMRT) and volumetric modulated arc ther-
apy (VMAT), successively replaced conventional 3D-conformal radiotherapy (3D-
CRT). The greatest benefit of these inverse planning techniques is the multiplicity
of dynamically adjustable machine parameters, allowing the creation of highly con-
formal treatment plans. In contrast to 3D-CRT, dose distributions in OARs can be
adjusted to a much larger degree. Additionally, hardware and computing technolo-
gies evolved rapidly. Hence, more complex dose calculation algorithms could be
translated into clinical routine.

To account for these developments, more and more advanced approaches for
creating and evaluating treatment plans have to be designed. One of these approaches
currently discussed among clinicians and medical physicists is biological treatment
planning. This approach replaces the commonly used physical dose—volume param-
eters, which are only surrogates for biological effects, with biological measures
during treatment plan optimisation and evaluation.
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Fig. 13.4 NTCP models for acute alopecia grade >2 after cranial proton-beam therapy. (a) regres-
sion curve, (b) receiver operating characteristic curves, and (c) calibration plot are displayed. AUC
values for each cohort are given in brackets. Data points and error bars represent mean and stan-
dard deviation of patient sets. Adapted from Dutz et al. [91]
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Table 13.2 NTCP model for acute alopecia grade >2 after cranial proton-beam therapy, from
Dutz et al. [91]

Model parameters Model coefficients (95% confidence interval) p-value
Skin D5% in Gy(RBE) 0.081 (0.05-0.11) <0.001
Constant —-0.94 (=291 to —0.27)

RBE: relative biological effectiveness

a b

Volume
Volume

Dose Dose

Fig. 13.5 Concept of biological optimisation for (a) a serial organised OAR and (b) a parallel
organised OAR. The DVH curve is influenced by a single gEUD objective that achieves the same
volume effect as multiple physical dose—volume objectives represented by the bars. Their different
weights are expressed by the bar lengths. Adapted from [94]

For biological treatment plan optimisation, one approach is to use multivari-
able NTCP models directly in the objective function [92]. More common in mod-
ern treatment planning systems are optimiser functions that implement a
biological objective, e.g. based on gEUD (Eq. 13.7), as the main optimisation
parameter that adjusts the DVH curve as a whole instead of several physical
dose-volume objectives [93]. For serial OARs, a high volume parameter (a > 10)
is used to prevent dose maxima, while for parallel OARs, a low parameter value
(a =1) is used to reduce the mean dose [94]. In contrast to single physical dose-
volume objectives (e.g. Dy.x), biological objectives influence the entire DVH
curve, see Fig. 13.5.

In order to adequately apply these biological functions, the tissue-specific param-
eter a has to be known for all OARSs. Using the relationship a = 1/n, it can be deter-
mined from published LKB models, e.g. in Luxton et al. [95]. Before application in
clinical routine, these parameters should be calibrated on clinic-specific data. In
case a cannot be calibrated, different generic initial values depending on the type of
OAR (parallel or serially organised) have been recommended to be used for plan
optimisation, e.g. outlined in the AAPM task group report 166 [93]. However, the
use of these non-calibrated initial parameters requires an additional uncertainty
analysis. For treatment plan selection and evaluation, EUD can be used to rank ten-
tative treatment plans. Also, TCP/NTCP models can be used to make patient-specific
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predictions of outcome and then select a specific treatment plan. Although several
dose-response models have been developed and are continuously updated, they
continue to be very simplistic [96]. For some clinical situations and tumour entities,
several competing models may be available. For example, the predictions of models
for the same side effect but developed based on data from different tumour entities
may differ (e.g. lung or heart toxicity for lung and breast cancer patients). Hence,
clinicians should determine the appropriate biological models for each tumour
entity, clinical setting, and radiation modality.

Some treatment planning systems may already include a library of models or
model parameters with default values. However, these published models have been
developed at other institutions including different patient populations, treatment
planning systems, dose calculation algorithms, fractionation schemes, etc. The
patient characteristics may differ substantially such that further variables may affect
the considered endpoint. Thus, TCP/NTCP models used in biological plan evalua-
tion have to be calibrated based on the institutional situation before use. This
requires a comprehensive collection of outcome data and large patient cohorts. If
multivariable models are to be implemented that contain additional clinical vari-
ables (e.g. comorbidities, age, or concomitant therapies), this information must also
be available. Since this complex calibration for different tumour entities and OARs
is not feasible for most clinics, partial biological optimisation is currently used,
combining biological and physical objectives.

The main limitation of biological treatment planning lies in the uncertainties of
the biological models. Due to the increasing amount of patient-specific data and the
development of advanced modelling strategies, a reduction of these uncertainties
seems feasible. This would allow for implementing such biological techniques
widely into clinical practice in the future.

13.4 Case 1: Patient Selection for Proton-Beam Therapy:
The Model-Based Approach

One example for the application of NTCP models is the patient assignment to
proton-beam therapy (PBT). Although the number of operating PBT facilities is
increasing worldwide, the high technical and time expenditure leads to high costs of
this treatment modality. Therefore, it is important to offer PBT to those patients who
may benefit most from it compared to conventional photon therapy (XRT).
Randomised controlled trials (RCT) are considered as the highest evidence for
practice change in oncology. However, there are challenges in performing RCTs to
compare different radiotherapy techniques or modalities. The heterogeneity between
centres in terms of treatment planning systems, quality assurance, training skills,
image guidance techniques, treatment adaptation, immobilisation strategies, etc.,
may be so pronounced that it may be difficult to generalise results from RCTs into
clinical routine [97, 98]. In addition, for trials comparing PBT and XRT in terms of
reduced late side effects, the considered endpoints may manifest many years after
radiotherapy. Thus, results from large long-term RCTs may be obsolete as
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radiotherapy (and PBT in particular) is still a rapidly evolving technology [99]. To
reduce the number of patients and thus the duration of the study, a proper pre-
selection of eligible patients is necessary.

A feasible approach to meet these challenges and to identify patients suitable for
PBT is based on comparative NTCP modelling, the so-called model-based approach
[99]. In the Netherlands and Denmark, it has already been implemented in clinical
practice for patients with various tumour sites, including HNSCC, non-small cell
lung cancer, breast cancer, and mediastinal lymphoma. This section discusses the
principles of the two-phase model-based approach as proposed by Langendijk et al.
[99] and applications.

13.4.1 Principles of the Model-Based Approach

The model-based approach consists of two phases: model-based selection and vali-
dation. The first phase, in turn, comprises three steps: development and validation
of NTCP models, patient-specific plan comparison, and estimation of the clinical
benefit of PBT. The individual steps are explained in more detail below.

13.4.1.1 Phase a: Model-Based Selection

Patients are selected according to their reduction of side effect probabilities under
PBT compared to XRT. If this reduction exceeds a given threshold, those patients
will be suitable for PBT treatment. The side effect probabilities for each patient are
estimated using NTCP models.

1. Development and Validation of NTCP Models: NTCP models have to be
developed and externally validated for different entities and relevant side effects
that may occur following XRT or PBT. General aspects on development and
validation of NTCP models are described in Sect. 13.3.2. Most NTCP models
have been derived from data of patients treated with XRT. NTCP models can
already differ between various XRT techniques [88, 100, 101]. Since dose distri-
butions of XRT and PBT may show even stronger differences, XRT-based mod-
els need to be validated on prospectively collected PBT patient data. In case of
negative validation, the development of technique-specific NTCP models may
become necessary. Continuous NTCP validation and updating may be imple-
mented, for example, in the framework of a rapid learning health care system
[102, 103].

2. Individual in silico Planning Comparative Studies: For each patient, two
treatment plans are created, one with protons and the other with a state-of-the-art
XRT technique. The values of the dosimetric parameters that are supposed to be
important in the selected NTCP models should be reduced, if possible, during
treatment planning.

3. Estimation of the Clinical Benefit: The in silico treatment plans and NTCP
models are used to estimate the difference (ANTCP) in side effect probabilities
between XRT and PBT:
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Fig. 13.6 Model-based approach according to [99]. (a) An equal dose difference between proton
and photon treatment plan may translate into different NTCP reductions in a univariable model. (b)
In a multivariable model including dosimetric predictors of two different OARs, the NTCP differ-
ence may be even higher if PBT is able to reduce dose to both OARs simultaneously

»NTCP = NTCP,,; — NTCP,; (13.10)

Figure 13.6a shows that a similar dose difference between a photon and a
proton treatment plan may lead to different NTCP reductions, depending on the
slope of the NTCP curve at the considered dose values. In a multivariable model
including dosimetric predictors of two different OARs, the difference in NTCP
between the proton and photon plan may be even higher if PBT is able to spare
both OARs simultaneously [88], see Fig. 13.6b. A patient is finally selected for
PBT if the extent of NTCP reduction in the PBT plan compared to XRT exceeds
a given threshold. This threshold depends on the severity of the side effects, with
lower thresholds for more severe toxicities. For toxicities of CTCAE grade 2, 3,
and 4-5, the Dutch Society of Radiation Oncology suggests thresholds of 10%,
5%, and 2% points, respectively [97]. In some cases, multiple side effects are
considered in the selection procedure (NTCP profiles). Here, both the NTCP
difference of every single endpoint as well as the summarised NTCP difference
for all considered endpoints must exceed different thresholds [97]. If the NTCP
difference remains below the recommended threshold, the patient is treated with
state-of-the-art XRT.

13.4.1.2 Phase ff: Model-Based Clinical Evaluation

The initial hypothesis of reduced side effects after PBT compared to XRT is evalu-
ated during model-based clinical validation. Patients who were selected for PBT
during phase o are enrolled in prospective clinical evaluation studies and are treated
with the proton treatment plan created during step 2. The finally observed toxicity
rates of patients treated with PBT are then compared to the initially predicted pro-
ton NTCP values to detect possible shortcomings of the applied NTCP models
[97]. Furthermore, it can be tested whether the observed toxicity rate following
PBT is indeed lower than the estimated NTCP values for XRT (calibration in the
large [104]).
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Fig. 13.7 Schematic overview of model-based clinical evaluation according to [99]

Moreover, the real outcome of PBT and XRT can be compared directly using
prospectively collected patient data from cohorts treated with one of the treatment
modalities (Fig. 13.7). Both patient groups of such clinical trials need to be selected
according to the same selection procedure. The control group includes patients who
would have been candidates for PBT but were still treated with XRT, e.g. historical
cohorts [99] or patients treated in radiotherapy centres without access to PBT.

13.4.2 Application: Proton-Beam Therapy for Head
and Neck Cancer

The model-based approach for patient selection for PBT has been introduced into
clinical practice in some European countries. Arts et al. [105] investigated the
impact of treatment accuracy, in terms of setup and range uncertainties, on the
selection procedure based on a cohort of 78 patients with oropharyngeal cancer.
They analysed the number of patients selected for PBT based on four NTCP mod-
els and using the above-mentioned ANTCP thresholds of 10% and 5% points for
grade 2 and grade 3 side effects, respectively (Table 13.3). To analyse the impact
of the treatment accuracy, three different planning target volume (PTV) margins
for IMRT plans as well as five different setup and range robustness settings for
intensity modulated proton-beam therapy (IMPT) were applied. In a setting of a
3 mm PTV margin for IMRT and 3 mm setup and 3% range error for IMPT, a total
of 77% of patients were selected for PBT if the corresponding threshold was
exceeded in at least one of the four NTCP models. For all models, the more robust
the IMPT plans were for the same PTV margin, the fewer patients were selected for
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Table 13.3 Investigated NTCP models predicting side effects following the irradiation head and
neck cancer patients in the study by Arts et al. [105]

Side effect and Severity | Time
NTCP model grade after RT Model predictors Model type
Tube feeding 3 6 months | Mean dose of the superior and Logistic
dependence inferior PCM, contralateral regression
Wopken et al. [106] parotid, and cricopharyngeal model

muscle

Advanced T stage

Weight loss (moderate/severe)

Accelerated radiotherapy

Chemoradiation

Radiotherapy plus cetuximab
Reduced parotid 2 1 year Mean dose in parotid glands LKB model
flow
Dijkema et al.
[107]
Patient-rated 2 6 months | Mean dose superior PCM and Logistic
problems supraglottic larynx regression
swallowing solid Age model
food*
Christianen et al.
[83]
Patient-rated 2 6 months | Mean dose contralateral parotid | Logistic
xerostomia® gland regression
Beetz et al. [108] Baseline xerostomia score model

LKB Lyman—Kutcher—-Burman; PCM pharyngeal constrictor muscle; RT radiotherapy
*Assessed with the head-and-neck cancer-specific quality of life questionnaire EORTC
QLQ-H&N35

PBT. With the same robustness settings of the IMPT plan, more patients were
selected for PBT the greater the PTV margin of the IMRT plan. The study by Arts
et al. [105] showed that, in addition to the choice of an appropriate threshold for
each severity grade, treatment accuracy also affects the proportion of patients
selected for PBT.

13.5 Case 2: Radiomics

Medical imaging is commonly acquired prior to and during radiation treatment. It
may contain information on disease diagnosis or treatment outcome and thereby
improve corresponding TCP or NTCP models. It can thus enable further treatment
personalisation, e.g. by selecting patients for specific treatments [109]. In a
radiomics analysis, information is extracted from each image and quantitatively
assessed. Radiomics draws upon mathematically well-defined (*hand-crafted’) fea-
tures, automated feature generation based on deep learning algorithms, or both
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Fig. 13.8 Schematic representation of image processing and feature calculation. MR magnetic
resonance, SUV standardised uptake value, PET positron emission tomography. Adapted from [29]

[110, 111]. Radiomics has been applied to numerous tasks in radiation oncology
including TCP and NTCP modelling for several tumour entities [112—115].

13.5.1 The Radiomics Workflow

A radiomics analysis using hand-crafted features consists of several steps, as illus-
trated in Fig. 13.8 and explained in the following.

1. Image Acquisition and Reconstruction: A patient is scanned in a medical
imaging device according to a specific protocol. Software, usually provided by
the vendor, then converts the acquired image data into something interpretable
by human readers.

2. Segmentation: This usually aims to characterise part of an image, e.g. the pri-
mary tumour or different OARs. Clinical experts or (semi-)automatic algorithms
segment or delineate the image to identify the regions of interest (ROIs).

3. Image Processing: Image processing primarily harmonises images across
patients. For example, voxels (3D pixels) in images of different patients are resa-
mpled to the same dimensions to decrease variability of radiomics features
related to different voxel sizes in the reconstructed images [116]. Another com-
ponent of image processing is the use of image filters, e.g. to remove noise or
emphasise edges, blobs, or directional structures [117]. A general image pro-
cessing scheme forradiomicsis described by the Image Biomarker Standardisation
Initiative (IBSI) [118].

4. Radiomics Feature Computation: After image processing, radiomics features
are computed from the ROI. This generates a feature value for each image. Many
common features were standardised by the IBSI, and described in their docu-
mentation [118].

5. Modelling: The previous steps yield radiomics feature values that are easily
converted to a tabular format. The modelling component of a radiomics analysis
is therefore not specific to radiomics but follows the principles described earlier
in this chapter.

Radiomics based on deep learning is quite similar, but the radiomics feature
computation and modelling steps are typically replaced entirely by a deep learning
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algorithm. Manual segmentation may not be required, as a deep learning network is
capable of learning what aspects and regions of the image are of interest, given suf-
ficient data. Some image processing is usually required because of constraints on
the input of deep learning algorithms.

13.5.2 Application: Radiomics for Adaptive Treatment

One way to personalise radiotherapy is to monitor the treatment progress and adapt
treatment correspondingly [4]. Treatment progress may potentially be monitored by
medical imaging and its comprehensive radiomics analysis. This particular subfield
of radiomics is called delta-radiomics because radiomics features are computed
from images acquired at different time points [119, 120].

We have previously performed a delta-radiomics analysis to assess whether com-
puted tomography (CT) imaging during treatment can be used to classify patients
with locally advanced HNSCC into a high and a low-risk group for loco-regional
recurrence [121]. We will describe this study here as an example of how radiomics
could be used for adaptive treatment.

The study involved three patient cohorts, a development cohort (n = 48), a valida-
tion cohort (n = 30), and a cohort that was only used to assess the robustness of
radiomics features (n = 18). The patients in the development and validation cohort
were followed up for several years, and loco-regional recurrence was recorded.
Patients in these cohorts were scanned prior to treatment (CT,) and during the sec-
ond week of treatment (CT,). Based on the primary tumour contours, we computed
1583 radiomics features with the IBSI-compliant software MIRP [122] for every
imaging dataset.

We identified 269 robust features, which we computed from CT, and CT,.
Furthermore, we computed the difference between the two time points, i.e. 269
delta features. The three feature sets were compared for modelling loco-regional
control (LRC) in a TRIPOD type 3 survival analysis: using CT,-features only, CT,-
features only, and the combined set including delta features. Modelling followed the
steps outlined in Sect. 13.2. Features in the development cohort were pre-processed
by standardisation and subsequent clustering of similar features (Spearman correla-
tion p > 0.90). We then determined variable importance by performing feature selec-
tion using six different methods on 1000 bootstraps of the data and aggregated the
feature ranks. Subsequently, we optimised model hyperparameters for six different
algorithms through grid search in a cross-validation scheme. Models were then
trained on 1000 bootstraps of the development cohort and combined into an ensem-
ble model for each combination of feature selection method and learner. In total, we
created 36 ensemble models, based on earlier findings that indicated that a combina-
tion of different methods should be assessed to reduce the risk of accidental findings
[29]. Furthermore, it could be assessed whether an increase in model complexity
justifies a decrease in model explainability by better performance.

We then validated all models in the validation dataset, see Fig. 13.9. Model per-
formance was assessed using a concordance index (C-index; 0.5: random, 1.0
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Baseline Second week

Cox 10.63 0.57 0.54 0.57 0.58 0.54

BGLM-Cox -10.68 0.58 0.54 0.58 0.58 0.53

BT-Cox 70.65 0.66 0.59 0.64 0.62 0.60

RSF 10.67 0.63 0.61 0.61 0.61 0.61
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Fig. 13.9 Concordance indices of radiomics models (0.5: random, 1.0: perfect discrimination)
based on treatment planning CT images (left panel) and on CT images after the second week of
treatment (right panel). The performance of several survival models based on imaging features
selected from different feature selection algorithms is shown for the validation cohort. For details,
see [121]

perfect discrimination) [46]. Stratification into low- and high-risk groups for loco-
regional recurrence was evaluated using a log-rank test. We found that models based
on the CT, (C-index: 0.73 + 0.04, mean + standard deviation over all models) and
combined feature sets (0.70 + 0.05, not shown) exceeded the performance of mod-
els using CT, only (0.62 = 0.04). The combined feature set (p = 0.06) and CT, only
(p = 0.005) enabled better performance compared to CT,.

Our results indicate that imaging obtained during treatment can be more suited
to identify patients at lower or higher risk of tumour recurrence than pre-treatment
imaging. Though this effect should be validated in a larger dataset, the results do
show the potential for image-guided treatment adaptation. For instance, if the
tumour has a very low risk of recurring, treatment may be stopped early, while in
case of a high recurrence risk, the patient and clinician may choose to pursue an
extended radiation treatment. In the future, such options for treatment adaptation
may become available for patients with a clear prognosis based on precise and vali-
dated models.

13.6 Summary and Outlook

Due to the growing amount of patient-specific data and corresponding advances in
computer technology and adapted machine-learning algorithms, models predicting
tumour control or normal tissue complications are becoming increasingly complex,
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which in turn may allow for more accurate predictions. This brings forward new
fields of application, e.g. in personalised radiotherapy, for model-based patient
selection or biological treatment planning.

It is thus essential to understand the basic principles of model development and
validation, which we have presented in this chapter. We outlined important aspects
of data quality, data pre-processing, feature selection, model development, model
evaluation, and model validation. The application of these concepts was presented
for NTCP modelling within the model-based approach selecting patients for photon
or proton-beam therapy and for adaptive TCP modelling based on radiomics analy-
ses from pre-treatment and in-treatment CT imaging.

In future, data science and artificial intelligence may play a central role in the
development of high-precision radiotherapy. For these developments, homogeneous
patient cohorts of sufficient sample size are required. This necessitates the forma-
tion of large cooperative networks pooling their data or federated learning strategies
with decentralised data storage [123]. Furthermore, data publication according to
the FAIR principles [124] will ensure the continued improvement of models on
radiation treatment outcome.
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