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Abstract

Radiotherapy (RT) is the treatment of cancer with ionizing radiation. The delivery of radiation to
a patient requires accurate planning by medical physicists, in order to target the tumour and avoid
healthy tissue. Cancer patients generally undergo imaging scans in preparation for RT, typically
involving magnetic resonance imaging (MRI) and computed tomography (CT) scans. CT images
are a requirement for RT planning as they provide the tissue attenuation information needed for
dose planning. The CT and MR workflow may result in uncertainties due to image registration.
It also adds the burden of additional radiation exposure, more imaging sessions and possibly more
uses of anaesthesia. With developments in computational methods, the generation of synthetic CT
(sCT) for treatment planning is possible. These are fake CT images which contain the attenuation
information required to perform dose calculations. In this study, we evaluated the feasibility of
dose planning on deep-learning generated sCT for brain tumour pediatric patients undergoing
proton RT. These sCT were generated in a previous study by a trained conditional generative
adversarial network (cGAN) for a sample of patients [Bentvelzen et al., 2018]. We chose 10 of
these patients to perform the evaluation. sCT data is evaluated based on image-similarity and dose
comparison metrics. From the metric results, we found that the sCT are generally dosimetrically
accurate and could be integrated in an MR-only workflow for proton radiotherapy.
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Chapter 1

Introduction

1.1 Radiotherapy

Radiation therapy or radiotherapy (RT) aims at irradiating tumours with high energy radiation to
destroy cancerous cells. The first successful cases of the therapeutic uses of radiation emerged in
the late 19th century, shortly after the discovery of X-rays in 1895 [Baskar et al., 2014]. Tonizing
radiation induces DNA damage, the main type being double stranded breaks (DSB) which can
cause cell death if not repaired by the cell [Willers et al., 2004]. Cancer cells reproducing at
a rapid rate are more sensitive to DNA damage by radiation than normal cells, making RT an
effective method of treatment [Baskar et al., 2014]. Since the radiation affects both normal and
cancerous cells, RT plans typically reflect an effort to spare healthy cells from harmful radiation.
The goal is that substantial, curative doses are delivered to the tumour while decreasing the dose to
healthy tissue. Tumour localisation is therefore extremely important [Jaffray, 2012]. The absorbed
radiation dose is measured in gray (Gy) using the international system of units (SI), representing
one joule per kilogram [van Assendelft et al., 1973].

Photons and electrons are the most commonly used therapeutic particles for RT in hospitals,
but heavier particles such as protons and neutrons can also be employed, these have more signi-
ficant biological effects due to their high density of ionisation [Joiner and van der. Kogel, 2009].
Protons in particular have shown some dosimetric advantages as opposed to photons [Baskar et al.,
2014], as discussed further in section 1.3.

There are three main ways of administering radiation to the patient, the use of which is
determined by the clinical task:

e Teletherapy: a beam of radiation is aimed at the patient, passing through the skin to arrive
at the tumour. This method is also known as external beam radiotherapy (EBRT).

e Radioisotope therapy: radioactive material is given to the patient orally or through an
injection.

e Brachytherapy: a radioactive source is placed close to or within a tumour.

The planning of EBRT will be the focus of this study.

1.2 RT for pediatric brain tumours

The most common form of solid tumours in children are brain tumours [Pollack et al., 2019].
They are only second to leukemia in overall malignancies in pediatric patients [Subramanian and
Ahmad, 2019]. After 2016, central nervous system (CNS) tumours, arising from the brain or spinal
chord, became the leading cause of childhood cancer-related death. This was also explained by
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the decrease in mortality in leukemia patients [Subramanian and Ahmad, 2019]. Approximately
550 children are diagnosed with cancer per year in the Netherlands, and a third of them end up
receiving radiotherapy. Within this group, 44% suffer from brain tumours [Guerreiro, 2019]. Little
is known about the definite etiology of brain tumours, i.e, no direct cause is found for the pathology.
However, various environmental and genetic risk factors have been found. Genetic predisposition
syndromes and exposure to ionizing radiation (such as X-rays from CT and radiotherapy) represent
the causes for a small percentage of total cases [Withrow et al., 2019]. Ionizing radiation, in
particular, is associated with nonmalignant brain tumours such as meningiomas. The surveillance
of trends in pediatric brain tumours is important as possible risk factors are constantly discovered
[Withrow et al., 2019]. For example, the International Agency for Research on Cancer (IARC) has
categorized radiofrequency (RF) electromagnetic fields as a potential carcinogenic. Children are
particularly sensitive to irradiation of the cranium. Therefore, despite the non-ionizing nature of
RF fields, there is some concern that increased exposure to RF fields will lead to increased cases
of pediatric brain cancers [Withrow et al., 2019].

RT plays a major role in treating pediatric brain tumours. Prior to the development of RT,
treatment of pediatric tumours depended on surgical resection. In the last 75 years, RT has
become incorporated into the treatment of various brain tumours, either in the form of an adjuvant
therapy (applied after the surgical removal), or as a definitive treatment [Knab and Connell, 2007].
However, long term side effects of RT on the CNS are significant impediments for childhood
survivors of brain tumours. Nowadays, children affected by brain tumours live long enough for
late effects of RT to manifest. Data from pediatric patients who have undergone whole-brain
irradiation of a range of doses for CNS prophylaxis (a tumour preventative measure) highlights long
term effects of CNS irradiation such as growth abnormalities, neuro-cognitive deficits, behavioural
disturbances as well as a higher risk of second malignancies [Knab and Connell, 2007]. However, a
wide range of CNS malignancies which were entirely fatal are now curable with the multimodality
treatment approach combining surgery, chemotherapy and radiotherapy [Knab and Connell, 2007].

1.3 Photon or proton radiotherapy?

1.3.1 Particle Production
Photon RT

X-ray photons are typically used for EBRT [Kufe et al., 2003]. Therapeutic X-rays are produced
by exploiting brehmsstrahlung or ’braking radiation’, where charged particles are decelerated due
to an electrostatic interaction with another charged particle, usually electrons interacting with
the nuclei of atoms. Brehmsstrahlung is the mechanism behind linear accelerators (linacs). Lin-
acs produce high energy (>0.33 MeV) X-ray photons, also known as megavoltage X-rays [Pereira
et al., 2014]. In the linac, electrons are accelerated through structures called waveguides, fol-
lowing a linear path through a potential difference. High RF fields that are generated for the
acceleration of electrons in the waveguides are amplified by klystrons [Podgorsak, 2005]. The
path of the electron is steered by magnets, including the bend magnet which directs the electrons
towards a high-density target material, typically tungsten. A schematic of the linac can be seen in
Figure 1.1. The Coulomb interaction between the incident electron and the tungsten nuclei pro-
duces bremsstrahlung radiation. The electron decelerates and loses some of its kinetic energy as
bremsstrahlung photons, which are emitted at a range of energies in between zero and the kinetic
energy of the electron. Bremsstrahlung radiation is therefore a continuous spectrum. [Podgorsak,
2005].

Characteristic radiation is also produced from the interaction between the incident electron
and the electrons of the tungsten. If the incident electron has sufficient energy, it can release an
inner shell orbital electron from the atom. An electron from a higher energy level then drops
down to fills the vacancy, emitting characteristic radiation in the process. The photons emitted
have discrete energies that are characteristic of the target material, hence the name. [Podgorsak,
2005]. The clinical X-ray beam spectrum is a superimposition of the continuous bremsstrahlung
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Figure 1.1: Schematic of a medical linac
[Anderson et al., 2015]

spectrum and the discrete line spectra of the characteristic radiation. The contribution of char-
acteristic radiation in the megavoltage X-ray beams is negligible and brehmsstrahlung radiation
dominates [Podgorsak, 2005]. Photon RT requires high intensity beams due to attenuation laws
of X-rays and gamma rays. The change in intensity of the rays as they pass through the medium
follows an exponential decay:

I = Ioeiuw

where Ij is the initial intensity of the photons and I is the intensity across a distance x. u
is the linear attenuation coefficient, which is the fraction of photons attenuated per unit thick-
ness of the medium [Cerry and Duxbury, 1998], expressed in units of em™!. A higher intensity
beam therefore ensures that enough ionizing radiation reaches the tumour before being attenuated.

Proton RT

Circular particle accelerators, such as cyclotrons, are used to accelerate protons for proton beam
RT. In a cyclotron, the proton is released from a source at the centre of a large electromagnet, and
is accelerated along a spiral path by a uniform, static B field [Tsuboi et al., 2020]. An alternating
RF voltage is applied between two D-shaped electrodes called 'dees’, with a vacuum gap between
them in which the particle moves from electrode to electrode (Figure 1.2). The frequency of the RF
matches the rotating frequency (or gyrofrequency) of the proton, given by the following equation:

_ 4B
f= 2mm

where f is the gyrofrequency, ¢ is the charge and m is the mass of the charged particle [Alonso
and Finn, 1992]. This resonance causes an oscillating E' field which accelerates the proton each
time it passes through the gap, causing the radius of its orbit to gradually increase. The kinetic
energy of the proton increases with every crossing of the gap, resulting in a high energy particle that
can be used for therapeutic purposes [Podgorsak, 2005]. Cyclotrons and their variations are more
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expensive than standard photon RT equipment [Podgorsak, 2005]. However, there are dosimetric
advantages to using heavy particles such as protons instead of photons in cancer treatment with
RT (section 1.3.2).
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Figure 1.2: Schematic of a cyclotron
[Tsuboi et al., 2020]

1.3.2 Clinical Relevance

Both photons and protons are exploited for EBRT. The use of protons instead of photons has
physical advantages which can decrease the dose to normal tissue, resulting in potentially improved
long-term side effects [Merchant et al., 2008]. When X-ray photons travel through a medium, they
do not deposit all their energy in a direct manner [Marcu et al., 2012]. Energy is first transferred
to the electrons in the medium, then it is absorbed through electron interactions and electron
stopping in the medium [Marcu et al., 2012]. This is reflected by the dose deposition curve for an
X-ray beam seen in Figure 1.3. The build-up region is where dose deposition increases with depth
as energy is transferred to the medium. A maximum dose deposition is reached after which the
energy loss is an exponential decay of dose with increasing depth [Marcu et al., 2012]. The shape
of the photon dose deposition curve indicates that therapeutic X-rays deposit most of the dose
near the entrance into the tissue, meaning that more dose is deposited on the way to the tumour
rather than to the tumour itself. In addition organs beyond the tumour would also be irradiated.
Proton therapy has the advantage of limiting the deposition of the maximum dose to the target
volume. This is explained by the Bragg curve of the proton, which is the plot of the Linear
Transfer Energy (LET) as a function of distance through a medium. The Bethe formula, given
below, describes the energy loss of charged particles

dE dmrnz? e 2 2mec? 2

mec2 P32 M 4re,

) = 67)

where F is energy, x is the distance travelled, n is the electron density of the medium, e and ms
are the charge and mass of an electron respectively, 3 = % where v is the velocity of the particle, c is
the speed of light in a vacuum, z is the multiple of the electron charge and I is the mean excitation

4 Dosimetric accuracy of synthetic-CT for pediatric brain proton radiotherapy



CHAPTER 1. INTRODUCTION

energy [Grimes et al., 2017]. This is reflected in the Bragg curve’s characteristic (Figure 1.3). The
Bragg peak is the point at which the maximum energy deposition occurs, and is determined by the
initial energy of the proton or photon. Because the energy loss of protons is inversely proportional
to the square of their velocity, the Bragg peak occurs just prior to the proton coming to a stop
[Newhauser and Zhang, 2015]. Figure 1.3 shows two curves for the proton dose deposition. The
pristine Bragg peak occurs when the medium is irradiated with a monoenergetic proton beam,
i.e., no device is used for modulation of the beam. The spread-out peak occurs when the beam has
been modulated, such that the axial dimension for the peak region is increased [Newhauser and
Zhang, 2015]. For therapeutic protons, the Bragg peak would be conformed towards the depth of
the tumour such that the proton slows down inside the tumour. Proton beams are often referred
to as having no exit dose since after the Bragg peak, the dose deposition is reduced to zero as the
proton comes to a stop [Merchant et al., 2008]. In other words, there is little to no radiation dose
left to deposit to organs beyond the tumour. The deposited dose prior to reaching the Bragg peak
is around 30% of the maximum dose [Mitin and Zietman, 2014]. This allows therapeutic proton
beams to deposit most of their energy to the tumour itself, avoiding radiation exposure to healthy
tissue. Overall, these differences in energy loss patterns between photons and protons result in
nearly a 60% reduction in integral dose when using protons instead of photons in RT [Mitin and
Zietman, 2014].
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140
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1207 / from X-rays

100+
80
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Relative Dose (%)
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Figure 1.3: Dose depth profiles of X-ray photons in comparison to protons
[Mitin and Zietman, 2014]

Proton therapy for pediatric brain tumour

There have been several studies comparing proton and photon treatments for pediatric patients
suffering from solid tumours. They all point to a reduction in dose to normal tissues when
protons are the treatment of choice [Lee et al., 2005, Mu et al., 2005, Weber et al., 2004]. A
dosimetric comparisons of protons and photons for pediatric patients with brain tumours revealed
that protons consistently lower the distribution of low and intermediate doses (0-40 Gy) to parts
of the cerebrum [Merchant et al., 2008]. For patients with Medulloblastoma, for instance, critical
healthy tissues (chochlae, hypothalamus, chiasm and pituitary) had substantially reduced doses
when using protons in comparison to photons [Merchant et al., 2008]. Furthermore, models relating
radiation dose to cognitive outcomes predict that reduced doses from proton treatments may have
positive effects on cognitive function, measured through spelling scores and IQ tests [Merchant
et al., 2008]. However, these are predictive models and it would require years of following up
with patients to confirm cognitive advantages. Since RT can significantly compromise the health-
related quality of life of pediatric patients due to their increased vulnerability to radiation, a study
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investigated the effects of proton versus photon RT on the quality of life of children (2-18 years
old) with brain tumours, the results revealed that patients treated with proton RT compared
favourably to those who had undergone photon RT [Yock et al., 2014]. However, the true success
of proton RT over photon RT in terms of sparing healthy tissue can only be determined once
the survivorship of this new treatment is achieved [Merchant et al., 2008]. Therefore, there is no
current consensus on whether photon or proton treatment is more favourable. A better assessment
of the clinical advantages of protons will be possible once further data becomes available, and the
late-effects of the treatment can be studied [Merchant, 2013]. There are still many unresolved
practical issues regarding proton RT which would require further research if the treatment is to be
widely introduced [Grimes et al., 2017, Newhauser and Zhang, 2015]. For instance, the finite range
of proton beams adds a degree of freedom when it comes to planning the treatment [Paganetti,
2012]. The range refers to the depth of the point at which the proton energy finally reaches zero.
The proton range in the tissue comes with significant uncertainties arising from various factors
such as patient and imaging set-up [Paganetti, 2012]. Accurate range quantification and patient
positioning is therefore required in order to fully reap the benefits of a proton treatment [Paganetti,
2012, Newhauser and Zhang, 2015].

Cost effectiveness

The main disadvantage to proton RT is the high cost of particle RT in general as opposed to
photon RT. These costs have caused some to speculate whether proton RT is simply too expensive
to be widely incorporated [Lievens and Van Den Bogaert, 2005]. A decision to employ particle
treatment as a standard treatment is still pending in many countries, most likely due to a lack of
definitive consensus on whether the many clinical benefits of proton therapy, for example, would
be worth the costs [Peeters et al., 2010]. A cost analysis with input from various sources such as
Belgium and the Netherlands resulted in a total capital cost of € 94.9 million for proton facilities,
with one cyclotron, and € 23.4 million for photon facilities with more than one linac. [Peeters
et al., 2010]. The ability to provide multiple linacs for a lower cost means more patients are able
to be treated at a time in the photon facility. Furthermore, adult tissue is less vulnerable to
the radiation effects of RT which result in secondary malignancies in younger patients [Mitin and
Zietman, 2014]. Adult patients are furthermore less exposed to the developmental issues faced
by pediatric patients. Without the cost factor, physicians would use the modality that would
minimize the dose to normal tissue. However, due to the expense differences between photon and
proton therapy, the dosimetric advantages may not be sufficient to justify the choice [Mitin and
Zietman, 2014]. Patients and insurance companies must be convinced of a considerable clinical
advantage before tolerating the high cost of proton RT, and other particle therapies [Mitin and
Zietman, 2014].

1.4 The Clinical Pathway

Cancer patients follow a clinical pathway in which the cancer is diagnosed and staged then the
appropriate choice of treatment is decided. After the diagnosis is made, the radiotherapy team
enters a planning phase. The treatment of choice is often discussed in a multidisciplinary meeting.
The radiation oncologist takes over when it is decided that RT is the appropriate treatment
[Massoptier and Viard, 2014]. A schematic of the workflow that the patient undergoes is shown in
Figure 1.4. During treatment, the full radiation dose is not delivered to the patient in one sitting.
In fact, in the infancy of RT, it was realized that biological effects of the dose are dependent on
the way it is administered over time [Bentzen, 2010]. A general consensus in RT is that the total
radiation dose should be delivered in multiple smaller doses called ”fractions” rather than a single
large dose. This temporal programming of radiation delivery is known as fractionation [Bentzen,
2010]. Multiple sessions are therefore required to deliver the full dose to the patient. Other
treatments (not shown Figure 1.4) are often used in conjunction with RT, such as chemotherapy
and surgery. Once RT is prescribed as the treatment of choice, various steps are undertaken in
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Figure 1.4: Clinical workflow undergone by a cancer patient
[Maspero, 2018]

the planning stages. These procedures are explained in the following subsections.

1.4.1 Patient simulation
Positioning and Imaging

Since the dose is delivered in multiple fractions, the patient is required to be in the same position
for each of their RT sessions in order to ensure full delivery of the dose to the tumour, while
sparing healthy tissue. To ensure this, the patient is positioned in the treatment set-up, patient
movement is minimized by immobilization devices such as head masks for those undergoing brain
radiotherapy. Marks are typically made on the mask to allow for consistent patient positioning
with respect to the treatment machine [Verellen et al., 2007]. After positioning, imaging is carried
out to localize the tumour and to identify the surrounding radio-sensitive organs (OARs). Various
modalities can be employed for this such as computed tomography (CT), magnetic resonance
imaging (MRI) or positron emission tomography (PET). Since CT involves X-rays, It is often
incorporated in the planning stage due to the attenuation information reflected in the images.
Once the planning images are produced, the radiation oncologist delineates (outlines) the target
volume; the tumour [Podgorsak, 2005]. This is known as the gross target volume (GTV). To
account for the microscopic spreading of the tumour around the main volume, another delineation
is made known as the clinical target volume (CTV) surrounding the GTV. Variations occurring
due to organ movements, such as breathing and rectal or bladder content, are taken into account by
the ITV which encompasses the CTV and GTV [ICRU, 2010, Podgorsak, 2005]. Set-up variations
and machine tolerances are accounted for in the planning target volume (PTV) surrounding the
ITV, CTV and GTV [ICRU, 2010, Podgorsak, 2005]. A schematic of these volumes is given in
Figure 1.5.

CT in RT

As mentioned above, planning CT images are widely used in treatment planning. The use of
CT planning has been crucial in the development of modern RT. CT images provide attenuation
information such that dose distributions can be optimized and exposure to radio-sensitive organs
can be minimized [Meyer et al., 2017]. Studies have shown the capacity of planning CT in detecting
unseen clinical findings such as unexpected metastases which were undetected in the diagnostic
stage, as well as the possibility of finding concurrent malignancies [Meyer et al., 2017]. CT images
provide information by measuring x-ray attenuation coefficients of a volume element or voxel’
within the tissue. These attenuation coefficients are converted to CT values (gray-scale values)

Dosimetric accuracy of synthetic-CT for pediatric brain proton radiotherapy 7
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which correspond to the 2D image elements or pixels. CT values are then normalized according
to the attenuation properties of water and represented as Hounsfield units (HU) as shown below

M — Hwater

,Uwater - Nlair

HU = 1000

where fiyater and fiqi- are the linear attenuation coefficients for water and air respectively. The
Hounsfield scale was named after British physicist Godfrey N. Hounsfield who was one of the Nobel
Prize-winning inventors of CT. It is a density scale where water is arbitrarily assigned a density
of 0 HU and air a density of -1000 HU. Bone, which has a high density, has a value close to 1000
HU. HU values of tissues reflect their X-ray attenuation and are therefore related to their physical
density [Broder, 2011]. CT images are displayed in grey-scale which is representative of the HU
values of tissues. Tissues with lower densities appear black, while high-density tissues appear white
[Broder, 2011]. All intermediate tissue densities are represented by the various shades of grey in
between. The human eye cannot perceive extremely subtle variations in grey tones, therefore, a
specific range or 'window’ of HU values is chosen to be displayed in the CT image, depending on
the HU value of the tissue of interest. This is known as windowing or grey-level mapping [Broder,
2011]. Calibrating from CT numbers to relative electron densities and stopping power in the TPS
is an essential part of RT planning [Koniarova, 2019].

CT scans have become powerful diagnostic and planning tools in RT. However, they deliver
significantly higher radiation doses than other diagnostic methods. This is of particular concern for
pediatric patients as they are more vulnerable to malignancies related to radiation and have longer
life spans to display late effects. Many epidemiological studies have been conducted to investigate
the correlation between CT scans and the subsequent development of pediatric cancers, including
brain tumours [Meulepas et al., 2019]. For example, studies revealed a positive correlation between
radiation dose from CT scans and brain tumours in pediatric patients in the UK. Similar results
were found amongst Australian and Taiwanese children. This is partially due to ”con-founding
by indication” [Meulepas et al., 2019]. In other words, for some of the patients, the need for CT
scans is dependent upon symptoms that were leading to brain tumours in the first place. A recent
epidemiological study in the Netherlands was conducted to investigate the possible correlation
amongst children in the Netherlands. The results showed that high radiation doses delivered in
head CT (20-50 mGy) may increase brain tumor risk within a decade of the scan [Meulepas et al.,
2019).

MRI in RT

Conventionally, CT imaging was the main modality used for treatment planning. However, since
the advancement of multimodality imaging, improvements have been made in the administration
of EBRT in terms of facilitating accurate imaging of the target volume and the surrounding
OARs. MRI became important in providing contrast information which can aid in segmentation
of volumes of interest as well as providing motion information and post-treatment analysis to
understand the biological effects of the therapeutic radiation [Chandarana et al., 2018]. MRI
has become the primary modality used in RT treatment planning for brain tumours [Yu et al.,
2019]. It plays this role due to its tissue delineation and definition of the tumour margins. There
are, however, some disadvantages to MR imaging. These include the lack of electron density
information and the frequency of geometrical inaccuracies due to distortions. CT images on the
other hand have great geometrical accuracy and provide electron density information. Therefore,
the use of CT complements the MRI images and thus the two modalities have been used in
conjunction and CT and MR images are registered (mapped onto) one another [Beavis et al.,
1998]. Using a combined MR-CT workflow at the planning stage provides all the information
required to generate an effective RT plan. However, this method can result in residual errors as
well as an added burden on the patient due to the multiple imaging sessions required. A possible
solution to this is explored in section 1.5.
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[Podgorsak, 2005]

1.4.2 Generating the RT plan

The possibility of producing and delivering an ideal treatment plan, in which 100% of the irradi-
ation is administered to the target volume while 0% of the dose is received by OARs and healthy
tissue is the "holy grail” of radiotherapy. This is practically impossible to generate due to the
dose deposition of photons and protons as they travel through the tissue. Therefore, the trade-offs
required in order to achieve the closest scenario to this are crucial in producing a clinically realistic
yet optimum plan [McGowan et al., 2013]. An RT treatment plan is produced by optimising the
position of the radiation fields to arrive at radiation doses that fit the defined dose constraints. Op-
timisation is carried out in a treatment planning system (TPS), which is a software that generates
3D dose distributions according to the mode of irradiation, the 3D patient model and the defined
constraints and prescriptions for radiation dose. An example of a TPS is Raystation, shown in
Figure 1.8. Usually, radiation doses are calculated using CT images registered to MR images. The
registration process is not perfect and results in errors of the tumour volume [Nyholm et al., 2009].
For brain tumours, these errors tend to be small because of the rigidity of the skull [Balachandran
et al., 2010]. However, they can be significant when the scans have differing setups.

Objective-based planning

An EBRT treatment plan includes various parameters such as the number of beams, their intens-
ities as well as their geometric setup. Beam-shaping devices have facilitated intensity modulation
for each beam, an example of this is the multi-leaf collimator (MLC) often used for photon beam
RT [Voutilainen, 2016]. MLCs have movable leaves which function to block out fractions of the
radiation, seen in Figure 1.6. Without the MLCs, conventional collimator jaws result in rectan-
gular fields which do not correspond to the target volume shape and result in increased dose to
surrounding tissue [Jeraj and Robar, 2004]. Intensity modulated radiation therapy (IMRT) is a
technique where each beam is divided into 'beamlets’, whose intensity can be chosen independently
in order to attain better targeting and less side-effects. This method has increased the number
of parameters in treatment planning [Voutilainen, 2016]. An analogous issue is seen in proton
treatments. Proton RT involves the generation of a narrow mono-energetic beam (also known as
a “pencil beam”) which scans the target volume with the aid of magnetic deflection. [Paganetti
and Bortfeld, 2006]. Pencil beams are scanned in a zig-zag motion in the x-y plane perpendicular
to the direction of the beam (z). The depth of the beam in the z direction is modified by varying
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its initial energy. A schematic of pencil beam scanning can be seen in Figure 1.7. Scanning starts
at the deepest layer, which requires the highest energy pencil beam, the proton beam energy is
then reduced for the next layer, and so on [Paganetti and Bortfeld, 2006]. Unlike IMRT, this
method does not require the use of collimators such as the MLC [Paganetti and Bortfeld, 2006].
Intensity modulated proton therapy (IMPT) is therefore defined as the electromagnetic spatial
control of pencil beams (or pencil beam scanning) with variable energies and intensities [Kooy
and Grassberger, 2015]. Since both the energy and intensity of each pencil beam can be modified,
IMPT significantly increases the degrees of freedom in treatment planning, making proton beam
shaping highly accurate to the target volume, while also being highly computationally complex
[Paganetti and Bortfeld, 2006].

g

|
FAFITTiTy

Figure 1.6: Varian’s Millennium 80 MLC
[Voutilainen, 2016]

Pencil Beam Spots used by

Sqanning Treatment Planning System
rection

Figure 1.7: Pencil beam scanning method
[Trofimov and Bortfeld, 2003)
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Inverse planning

As a result of increased parameters, a movement has been made into inverse planning, in which
outcomes are specified by the planner and the program calculates which parameters would be
closest in leading to the desired outcome [Voutilainen, 2016]. Inverse planning involves optimiza-
tion methods which are used to arrive at an approximate solution rather than trying to arrive at
solutions analytically. Optimization methods usually employ dose-volume “objectives” which are
bounds specified for each structure. The target volume is assigned with an upper and lower dose
objective while OARs are assigned a lower dose objective. Dose-volume objectives are usually
sufficient in ensuring the prescribed dose to the tumour and the least radiation delivered to OARs
[Voutilainen, 2016].The are several techniques for dose calculation in RT planning, including pencil
beam algorithms and Monte Carlo methods explored below [Jabbari, 2011].

Dose calculation

The Monte Carlo method (MC) is the most accurate technique for dose calculation. It is widely
used for photon RT planning. MC is a statistical simulation that relies on a repetition of random
sampling to solve deterministic problems. In the context of radiative transport, MC yields a
numerical solution to the Boltzmann transport equation which employs the fundamental laws
of photon-atom and electron-atom interactions [Bielajew, 2007]. Physical interactions, such as
compton scattering from atomic electrons, must be modelled by a Monte Carlo code written for
RT applications. MC for radiotherapy simulates the path of individual particles with the use
of sampling to a sufficient amount from the probability distributions which govern individual
physical processes. It does this by making use of machine-generated random numbers [Jabbari,
2011]. Improvements have been made to the MC dose calculation algorithms used within the
TPS in order to reproduce all beam geometries and modification devices accurately, as well as to
take into account the heterogeneity effects in the patient geometry [Jabbari, 2011]. For proton
RT, analytical algorithms are usually used to perform dose calculations (also called pencil beam
algorithms) [Schuemann et al., 2015]. This approach assumes that any beam incident on the
patient is a collection of narrower and smaller pencil beams. At the centre of each pencil beam is
a central axis along which a dose is delivered. The pattern of dose deposition varies with intensity
and spectrum of the beam [Carolan, 2010]. The total beam is modelled as a conglomeration of
these infinitely small pencils after the collimator [Jabbari, 2011]. These assumptions compromise
the accuracy of the analytical pencil beam method in comparison with the physically accurate MC
approach [Jia et al., 2012]. MC simulations for proton therapy do exist but have not been widely
incorporated into proton clinical settings due to their lengthy computational time [Schuemann
et al., 2015].

1.4.3 Immobilisation and irradiation

Once the RT plan has been generated, treatment delivery can take place. The patient is positioned
in such a way that the target volume with respect to the linac matches the location on the RT plan
[Saenz et al., 2018]. Patient set-up and target localisation can be improved using image guided
radiotherapy (IGRT), in which various imaging modalities such as cone-beam CT, PET or MRI
are used to image the patient just before irradiation, in order to verify their set-up in relation
to the radiation fields [Verellen et al., 2007]. While IGRT ensures the quality of the treatment
by confirming the placement of the beams, it could increase fraction time as well as radiation
exposure to the patient. It also assumes that errors in patient positioning can be corrected by
rigid transformation (table shifts and rotations) which may be an oversimplification of the kind
of revisions required. IGRT usually decreases positioning errors, thereby decreasing radiation
delivered to the surrounding tissue [Dawson and Jaffray, 2007].
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Figure 1.8: Example of beam configurations in the TPS Raystation.

1.5 MR-only radiotherapy

MR-only is a proposed workflow in which MRI without CT imaging is used at the treatment
planning stage. The intensity of voxels in MR images do not correspond to tissue attenuation
properties, contrasts in MR images rather reflect the proton densities and magnetic relaxation
of the tissue. This makes dose calculations in an MR-only workflow are a challenge [Edmund
and Nyholm, 2017]. In the usual MR-CT workflow, dose calculations are performed on MR
registered onto CT images. Residual registration errors may persist after registration in this multi-
modality approach [Ulin et al., 2010]. This means that systematic uncertainties are potentially
induced, leading to a reduction in treatment effectiveness [Nyholm et al., 2009]. Proposing RT
based on sole MRI eliminates these residual uncertainties [Edmund and Nyholm, 2017, Owrangi
et al., 2018]. MR-only RT is furthermore beneficial considering the reduction in CT scans, with
subsequent patient burden and overall cost reduction [Devic, 2012]. In addition, considering that
the pediatric population is more sensitive to radiation effects compared to an adult population
[Hall, 2006], MR-only RT is particularly attractive given the reduced exposure to the ionizing
radiation delivered through CT at the planning stage. Patient immobilisation during both scanning
and treatment is required for accurate tumour localisation and targeting. As this may be a
challenge for pediatric patients, anaesthesia or sedation can be required for both CT and MRI
scanning. This poses clinical risks such as oxygen de-saturation for pediatric patients, especially
those with developmental delays. Furthermore, other underlying risks can be further increased due
to patient co-morbidities in both pediatric and adult patients [Malviya et al., 2000]. An MR-only
approach reduces the number of scanning sessions, and thus the need for anaesthetic use, which
can be beneficial for patients of all ages.

1.5.1 sCT Generation with CNNs

Since tissue attenuation information, usually provided by the CT, is needed for dose calculations,
the generation of synthetic CT (sCT) has been proposed. sCT can be generated by converting
MRI into CT-like data. There are various methods of generating sCT, usually classified in voxel,
atlas or hybrid approaches. Voxel-based methods are dominated by machine learning and use the
voxel constrasts of MR images to assign them with corresponding HU values. Atlas-based methods
mainly align the location of the MRI voxels to an atlas (template) by registration. Hybrid methods
are a combination of the atlas and voxel approaches [Edmund and Nyholm, 2017]. In the sCT
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used for this work, sCT for patients with primary brain tumors were generated using convolutional
neural networks (CNNs).

Training Data

‘ Learning Rule

Input Data || |Deep Neural Network [ BEEp|  Output

Figure 1.9: Concept of deep neural networks.
[Kim, 2017a]

CNNs are deep learning algorithms specialized for image data [Kim, 2017a]. CNNs were
inspired by the visual cortexes of humans and other animals. Neurons in the visual cortex respond
individually to regions in the visual field. This region is known as the receptive field of the neurons.
Around the individual neuron, adjacent neurons have overlapping receptive fields such that a full
map of the visual field is formed in the cortex [Hubel and Wiesel, 1968]. In a similar way, CNNs are
fed with input images and they assign importance to different aspects of the image. [Kim, 2017a].
CNNs are a class of deep neural networks, which are multi-layered neural networks with one or
more hidden layers [Kim, 2017b]. A schematic of how deep neural networks work, including CNNs,
is shown in Figure 1.9, where the ”Learning Rule” is the algorithm generating the model from the
training data. Sufficient training is an important part of the success of a deep neural network and
involves feeding the network with data such that it learns how to generate the desired output [Kim,
2017b]. sCT generation is here interpreted as an image-to-image translation problem, for which
CNNs have already been employed for various anatomical sites [Wolterink et al., 2017, Dinkla
et al., 2019, Maspero, 2018, Liu et al., 2019]. These approaches have shown promising results
when trained with homogeneous datasets.

Aim of the study

In this study, we investigate a voxel-based method of sCT generation with a CNN carried out by
Bentvelzen et al., 2018. We assess the HU assignment of the sCT compared to CT images, as well
as their geometric and dosimetric accuracy. In evaluating this, we aim to assess the feasibility of
dose planning on these sCT. We therefore also evaluate the success of trained CNNs in generating
sCT that are accurate enough for proton RT planning in the case of pediatric patients with brain
tumour.
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Methods

The success of trained CNNs in generating sCT is evaluated by quantifying the similarity of
the sCT to real CT data through mathematical metrics. A subset of 10 patients of different
demographics were selected out of the 52 patients used in a larger study [Bentvelzen et al., 2018].
These patients had undergone MR and CT scans as part of the clinical routine for RT planning.
MR and CT scans for RT planning and had MR-based sCT generated was selected. The accuracy
of sCT was assessed by image and dose evaluations. An overall workflow is seen in Figure 2.1, in
which the image and dose evaluation step will be the focus of this study. This section will include
the patient demographic, a brief look at the sCT generation method used by Bentvelzen et al.,
2018 to create the sCT evaluated here, as well as the image-based similarity and dose comparison
metrics used for evaluation.

g Gt # N— .
: Voxel-wise Combined

- Median sCT
5N Image & dose
< fi%/ —_— Gs —_— Q - evaluation
2 &l

r— ] Voxel-wise Uncertainty
G STD map
c m

Volume Pia;le; Generators sCTs

Figure 2.1: Workflow of the project
[Maspero et al., 2020]

2.1 Patient demographic

The test set in this evaluation included 10 patients with a male to female ratio of 3/7. 2 patients
had embryonal tumours, 1 had an ependymal tumour. The rest of the patients had diffuse as-
trocytic and oligodendroglial gliomas which are the most common type of neuroepithelial tumour
[Malzkorn, 2019]. Most patients were at Grade IV stage of cancer except for the patient with
ependymal tumour who was at Grade III. The ratio of intact to post-surgery brains was 4/6 and
the ages of the patients ranged from 2.6 - 17 years old. As for the treatment plans, these depend
on various factors: clinical context, demographic of the patient and their tumour type [Bentvelzen
et al., 2018]. Patients in the test set were chosen out of a larger study of 52 patients who had
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undergone CT and MR scans to generate RT plans in preparation for treatment. Treatment plans
varied from patient to patient. The total dose administered ranged from 20-54 Gy, and the num-
ber of fractions ranged from 10-30 fractions. The dose per fraction ranged from 1.8 - 3.5 Gy per
fraction. The summary of patient information is given in Table 2.1, where the second column is
the use of the contrast agent Gadolinium in MR scanning to enhance visibility of internal struc-
tures. The parameters for the MR scans undergone by all patients in the test set are given in
Table 2.2, where the MR sequence type is a 3D T1-weighted gradient echo, the flip angle refers
to the rotation of the net magnetization as a result of the applied radiofrequency pulse, the FOV
is the field of view of the scan, and TR and TE are the echo and repetition times respectively
[Bentvelzen et al., 2018].

‘ Patient ‘ Gado ‘ Tumour Class ‘ Stage ‘ Gender ‘ Age ‘ Dose (Gy) ‘ Fractions ‘
9 N Ependymal Gr III M 5.3 54.0 30
13 Y Embryonal - F 2.6 54.0 30
22 N Diffuse astrocytic and oligodendioglial | Gr IV F 9.6 20.0 10
35 N Diffuse astrocytic and oligodendioglial | Gr IV F 17.0 35.0 10
38 N Diffuse astrocytic and oligodendioglial | Gr IV F 5.1 39.0 13
42 N Embryonal Gr IV F 7.1 36.0 20
60 N Diffuse astrocytic and oligodendioglial | Gr IV M 12.8 54.0 30
65 Y Diffuse astrocytic and oligodendioglial | Gr IV M 9.0 36.0 20
79 Y Diffuse astrocytic and oligodendioglial | Gr IV F 13.6 39.0 13
85 N Diffuse astrocytic and oligodendioglial | Gr IV F 7.6 54.0 30

Table 2.1: Demographics of patients included in the test set

Parameter ‘ Value
Sequence type 3D T1-W GE
Flip Angle (°) 8-12
TR (ms) 4.8-10.5
TE (ms) 2.2-5.9
FOV (mm®) 200-256, 200-256, 150-220
Matrix Size 240-512x240-512, 240-512x240-512, 150-350x150-350
Acquisition time (s) 31-360

Table 2.2: Range of MRI scan parameters
Values are presented as ranges in the anterior-posterior, right-left and cranial-caudal directions
[Bentvelzen et al., 2018].

2.2 sCT generation

sCT generation was performed in the previous study by Bentvelzen et al., 2018. The training of
the network included a subset of 40 patients out of the total 52. The CT of the subset were rigidly
registered onto MRI using the Elastix registration toolbox. This registered CT will be abbreviated
as CTee. Examples of the CT, CT,ey and MR images are shown in Figure 2.2. The sCT images
used in this project were generated by a conditional generative adversarial network (cGAN). GAN
networks consist of a generator and a discriminator network. These two networks are trained
together to generate sCT that are as close to real CT images as possible, achieved by exploiting
the ability of the discriminator network to differentiate between real and synthetic images [Maspero
et al., 2018a]. As Figure 2.2 shows, the generator network (G) and the discriminator network (D)
have two opposing goals. G produces CT (x) that have the minimum pixel-wise differences with the
real CT images (CTyeg) (x7), while D tries to discriminate between the sCT generated by G and real
CT,cg images. G produces images that look convincing enough such that D cannot discriminate
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Figure 2.2: Two examples of subjects with CT, CT,cg and MRI. (A) 4 year old subject, no contrast
agent, and a large FOV, (B) 17 year old subject, scan with gadolinium, and a small FOV.

O Fake

> D O Real

(A) Training

Figure 2.3: sCT generation method using the cGAN network

between them and the real CT,es. It does this by utilizing the MR data (y). [Bentvelzen et al.,
2018]. The success of this sCT generation approach for brain tumours would be evaluated by the
affinity of generated sCT to CT,eg.

2.3 Evaluation metrics

Image-based similarities and dose comparisons were made. The metrics used for this evaluation
are explained in the following subsections. All the following evaluations were performed in Mat-
lab2019a.

2.3.1 Image-based similarity

The following metrics deal with the image quality assessment of the generated sCT to secure an
image similarity to CT,eg sufficient enough for RT planning. The mean absolute error (MAE) and
dice similarity coefficient (DSC) will assess the HU assignment of the sCT and their geometrical
accuracy respectively.
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Mean Absolute Error (MAE)

The mean error (ME) and mean absolute error (MAE) summarise the voxelwise differences in HU
between CT,ez and sCT. This is calculated for the intersection of the body contours of the sCT and
CTyeg. The MAE is often calculated for the full FOV of the patient [Dinkla et al., 2019, Emami
et al., 2018]. Considering the heterogeneous nature of the data and its FOV variation, the FOV size
was homogenized in the analysis and a smaller FOV was considered which includes the superior
part of the head to the base of the skull. Both the ME and MAE are measures of errors in HU
between the two sets of data. The MAE, however, gives a magnitude of the average error. The
mathematical form of the MAE and the ME is the following;:

1 n
ME = D SCT; — CThe,
i=1
1 n
MAE = > [SCT; = CThreg,|
i=1
where N is the number of voxels in the head volume of the patient and CT'eg; and sCT; are
the it" reference voxel of the CT,eg and comparison voxel of the sCT respectively [Edmund and
Nyholm, 2017]. MAE values in the body contours are calculated for each patient in the small
FOV. An average MAE across all patients is computed to investigate if the magnitude of error is
comparable to that of similar studies.

Dice Similarity Coefficient (DSC)

The dice similarity coefficient (DSC) is a geometrical metric that assesses the spatial overlap
between sCT and CT [Zou et al., 2004], where the agreement between sCT volume contours with
those of the CT is quantified. The DSC is given by:

2|sCT, N CT,|
|sCTy| + |CTreg, |

where sCT, and CT, are the volumes of the structure in the sCT and CT,.s respectively. A
score between 0 and 1 is given, where 0 means no overlap and 1 means a perfect overlap [Yang
et al., 2018]. High scores (~ 1) would indicate high geometric consistency between the CT and
sCT. The DSC is calculated for body and bone segmentations for each patient. A mean DSC is
presented for comparison with other studies.

DSC =

2.3.2 Dose Comparison

Rigid registration of sCT to planning CT was performed and delineations from the clinical plan
such as target volumes and OARs were transferred to the registered sCT. Proton plans were gen-
erated in the TPS Raystation (v8.99.30.40, RaySearch Laboratories AB, Sweden) on the planning
CT with the aim of a keeping the CTV median dose comparable to that of photon plans. The plans
were optimised considering a 2% range and 2mm set-up uncertainties, and pencil beam scanning
(PBS) was simulated for all the treatment plans. Three beams were configured at 160°, 180 and
2000°. The beam configuration was modified if the dose constraints were not met for a particular
patient. For every patient, the PBS plans were then recalculated on the sCT [Bentvelzen et al.,
2018]. The following metrics compare the CT-based dose calculation data with the CT,e dose
recalculation.

Dose Volume Histogram (DVH)

The cumulative dose volume histogram (DVH) is a graphical representation of the percentage of
the prescribed dose received by a percentage of a volume of interest, resulting from a particular
RT plan. The percentage of the volume of a structure is on the y-axis, this volume receives a
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dose greater than or equal to the corresponding dose on the x-axis. The DVHs are calculated for
each patient and represented in graphs with a CT and sCT curve for each structure to highlight
dosimetric differences. Dose differences to OARs (cerebrum, chiasm, lenses, brainstem, pituitary
gland and cochleas) [Bentvelzen et al., 2018]) are retrieved and analyzed.

Voxel-wise Dose Differences (DD)

Relative voxel-wise dose differences (DD) evaluate the local dose differences between the CT
and sCT data based on voxels, rather than the organ-based approach seen in the DVH metric.
DDs are calculated by subtracting planning CT doses from sCT doses and representing this as a
relative dose to the original planning CT dose. DDs are calculated for the body, the high dose
regions receiving 90% of the dose, and the low dose regions receiving 10% of the dose. These are
abbreviated by D>90% D>10% respectively.

sCT—CTlOO

DD% = T

Gamma Index ()

The clinical CT plan represents the reference dose distribution, while recalculations done on the
registered sCT represent the evaluated dose distribution. The Gamma index (7) introduced by
[Low et al., 1998] provides a dimensionless metric that combines the dose difference with the
distance difference for each point on the evaluated dose distribution. It adds criteria (limits) on
the differences in dose and distance to evaluate similarities between dose distributions. To find
the gamma index, the following is calculated for each reference point:

e the minimum Euclidean difference between the reference and evaluated point (Ar)

e the dose difference between the reference and evaluated point (AD)
The following is computed for each reference point rg:
Ar2  AD?
F=\|—%+ —5
or? 0D?
where 07 is the distance difference criteria and §D is the dose difference criteria.
The gamma index is given by the minimum value calculated for all evaluated points rg

v =min(C)V(rg)

Gamma criteria are denoted in the form dD(%)/ér(mm). A percentage of the evaluated points
which pass the distance difference and dose difference criteria is therefore given. For this evaluation,
the 2%/2mm and 3%/3mm criteria are used to assess dose differences. Gamma calculations are
performed on the body, high dose D>90% and low dose D>10% regions.
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Results

3.1 Image-based similarity

Image-based similarity results are displayed as an overall mean or average over all patients in the
test set, with a standard deviation (£ SD). The range of results is also given. (min - max). This
is summarised in Table 3.1.

MAE and DSC

The average MAE result over all patients in the test set was 65.7 HU Average DSC results are
both close to 1, particularly for DSC for body segmentations. DSC for the body is slightly lower,
with a higher SD in comparison to that of bone segmentations.

Metric ‘ Average Result ‘ Range

MAE (HU) 65.7+£13.5 41.9 —82.5
DSC Body 0.98 +0.004 0.98—0.99
DSC Bone 0.821+0.08 0.66—0.87

Table 3.1: Average and range of MAE (HU) and DSC results

3.2 Dose Comparison

Averages and ranges for DD and gamma criteria are presented in Table 3.2 along with their SD
for the body, low dose (D>10%) and high dose regions (D>10%). The table shows that overall
dose differences (DD) are within 1% and gamma pass rates for the ¥3%/3mm and v3%/3mm are
~ 100%. Tables 3.3 and 3.4 show DD and gamma results for an exemplary patient (pt 9) and an
anomalous patient (pt 35). Graphs of the DVH, along with MR images, real CT (rCT), sCT and
image differences, are displayed for both patients in Figures 3.1 and 3.2. In addition, the DVH
and images of a patient with a high dose difference in the left cochlea are shown in Figure 3.3.

Voxel-wise differences (DD)

Average DD for the body and low dose regions (D>10%) had the same value. High dose regions
(D>90%) had less dose differences on average. Overall, mean DDs were well within 1%, as seen
in Table 3.2. For the exemplary patient (pt. 9), DD results were 0 for the body and (D>10%).
Therefore, no voxel-wise differences between the sCT and CT for those regions, as seen in Table
3.3. For the anomalous patient (pt. 35), the body and low dose region had a significant voxel-wise
difference of -4.32 (Table 3.4)
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Body D>10% D>90%
DD (%)
Average —045+£14 | -045+14 | —0.01£0.2
Range —4.32—0.32 | —4.32—0.32 | —0.33—0.45
v2%/2mm
Average 99.0£1.6 99.0£1.6 97.5 £ 3.7
Range 94.8—100.0 | 94.8—100.0 | 89.2—100.0
v3%/3mm
Average 99.7+04 99.7+04 99.5+0.9
Range 98.7—100.0 | 98.7—100.0 | 97.8—100.0

Table 3.2: Dose comparison averages and range of results
Metrics: relative voxel-wise differences (DD), gamma pass rates 2%/2mm and 3%/3mm for the
body, low dose regions D>10% and high dose regions D>90%

Pt. 9 \ Body \ D>10% \ D>90%
DD (%) | 0.00 0.00 0.09
v2%/2mm | 100.0 | 100.0 100.0
v3%/3mm | 100.0 | 100.0 100.0

Table 3.3: DD and gamma pass rates of an exemplary patient

Pt. 35 | Body | D>10% | D>90%
DD (%) | -4.32 | 432 | 0.00
v2%/2mm | 94.8 94.8 89.2
v3%/3mm | 98.7 98.7 98.0

Table 3.4: DD and gamma pass rates of the anomalous patient

DVH

Differences in the DVH can be read from the x-axis of the graph. As Figure 3.2 shows, DVH
differences were barely noticeable in the exemplary patient (pt. 9), where the dashed lines represent
the sCT and the continuous lines represent the CT. However, in the anomalous patient, significant
differences can be seen, particularly for the chiasm. In Figure 3.3, the DVH of pt. 38 displays
negligible differences, except in the left chochlea (Cochleal), where the difference between the
dashed sCT curve and the continuous CT curve is significant.

Gamma criteria

The average pass rate for v2%/2mm and v3%/3mm was close to 100%. There was a slightly
lower v2%/2mm pass rate in the high dose region (D>90%) on average, as well as a higher SD.
For the exemplary patient (pt.9), pass rates for both gamma criteria were at 100%, whereas the
anomalous patient (pt. 35) displayed significantly lower pass rates for the v2%/2mm criterion,
the lowest being 89.2% in the high dose region. The graphical representation of the gamma pass
rate for pt. 9 in Figure 3.4 shows the pass rate with increasing dose. The pass rate curves for
v2%/2mm and v3%/3mm (shown in the graph as Gam2;cr and Gam3,cr) are superimposed on
each other as the pass rate was 100% for both criteria. In Figure 3.5, however, we see that pt. 35
displays a lower v2%/2mm pass rate, which remains almost consistent with increasing dose.
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Figure 3.1: Pt. 9: Exemplary patient DVH and images

a) MRI, sCT and real CT (rCT) images. b) CT-sCT image differences ¢) DVH displaying low
organ-based dose differences between CT (continuous line) and sCT (dotted line).
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Figure 3.2: Pt 35: Anomalous patient DVH and images

a) MRI, sCT and rCT images. b) CT-sCT image differences ¢) DVH displays a relatively high
dose difference in the Chiasm.
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Figure 3.3: Pt 38 DVH and images

a) MRI, sCT and rCT images. b) CT-sCT image differences ¢) DVH displays a relatively high
dose difference in the left chochlea (Chochleal))
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Discussion

To assess the feasibility of proton planning on deep-learning based sCT, the sCT and CT of a test
set of patients were compared, and the differences between them were measured through image-
based metrics as well as dose-based metrics. The image based similarity evaluation resulted in an
overall mean MAE of 65.7 + 13.5 HU. This is comparable to similar studies, as seen in Table 4.1.
For example, the study by Spadea et al., 2019 resulted in a mean MAE of 52 + 7.0. It should be
noted that differences in evaluation methods, such as the choice of a whole or small FOV, impacts
the ability to make direct comparisons with the other studies. Nonetheless, the comparable MAE
reveals that HU assignment of these sCT is generally appropriate. DSC on the body and bone are
0.98 +0.004 and 0.82 4 0.08 respectively, these mean results are close to 1, indicating good overlap
between the volumes in CT and sCT. DSC scores can also measure the geometric consistency of
the body contours. Other studies show similar results (see Table 4.1 for DSC on the body).

The dosimetric evaluation resulted in mean voxel-wise dose differences (DD) of —0.01 £+ 0.2%
for the high dose region (D > 90%) and —0.45+1.4% for the body and low-dose region (D > 10%).
The latter result indicates a slightly larger voxel-wise dose difference in comparison to other studies
in Table 4.1. Another proton study by Liu et al. had a mean DD of —0.07 +0.07 while Bentvelzen
et al.’s photon study yielded a mean DD of 0.00 + 0.3%, both indicating very minimal voxel-wise
differences. The dose differences in this study can be explained by a few anomalous results, the
most prominent being those belonging to pt 35, where the DD was at —4.32% for the body and
D > 10% (Table 3.4). This patient, however, had a 1 year gap between the MR and CT scan
undergone in preparation for their treatment. Since the sCT is based on the MR data, the differ-
ence between the CT and sCT could be a result of growth, leading to a lack of correspondence.
Another contribution is from pt 38, whose DD on the body and D > 10% and was —0.62%. In
terms of organ-based doses, they displayed high dose differences in the left cochlea, as seen in
their DVH in Figure 3.3. The cochlea has a small volume and is located in a low dose region,
which generally leads to higher uncertainties in dose calculation, as noted by Bentvelzen et al.
Furthermore, differences in the resolution of air regions can arise between CT and sCT, leading
to differences in dose calculations. Overall, however, the mean DD of the test set was within 1%,
which indicates only small local dosimetric differences between sCT and CT voxels.

In terms of organ-based differences, the DVH graphs reveal minimal dose differences to OARs
as the sCT and CT curves are generally almost identical, as seen in the DVH of the exemplary
patient 9. In addition to pt. 38 mentioned earlier, pt. 35 displays high dose differences in the
chiasm, which can be explained by the time between their MR and CT scans. Keeping OARs
dose at a minimum is essential to RT planning and the future quality of life of the patient, hence
dose calculation on sCT must be accurate. One of the ways this can be improved is by ensuring
that the MR data used to generate the sCT is recent enough, in order to match the current organ
positions and body contours of the patient.
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Researcher Site Particle | Test set | MAE (HU) DSC DD(%) Gamma (%)

This study Brain Proton 10 65.7£13.5 | 0.984+0.004 | -0.45+1.4 99.0£1.6

[Bentvelzen et al., 2018] | Brain | Photon 12 75.2415.6 | 0.98+0.01 | 0.0040.3 99.740.4
[Emami et al., 2018] Brain Photon 15 89.3£10.3 - - -

[Dinkla et al., 2018] Brain | Photon 26 67£11 0.98+0.01 | 0.00+0.2 95.84+2.1

[Maspero et al., 2018b] | Prostate | Photon 30 65+10 - 0.00+0.1 96.84+2.1

[Kazemifar et al., 2019] Brain | Photon 14 47.2411.0 | 0.96£0.02 - 99.240.8
[Spadea et al., 2019] Brain Proton 15 52+7.0 - - -

[Liu et al., 2019] Prostate | Proton 17 51.3£+16.9 - -0.07+0.07 98+3.0

Table 4.1: Comparison with the literature

The gamma pass rates for both criteria (v2%/2mm and v3%/3mm) were close to 100%. For
v2%/2mm, the pass rate was 99.0 + 1.6 on average for the body and D > 10%. This means that
approximately 100% of the reference CT points were correspondent with the evaluated points of
the sCT, based on distance and dose. The pass rates are comparable to other studies as seen in
Table 4.1, where v2%/2mm results are reported.

The test set size in the literature in Table 4.1 ranged from 10-30, the smallest being the test
set chosen for this evaluation, which is one limitation of this study. Future research could include
a larger test sets for more accurate results, similar to that conducted by Maspero et al., 2018
which involved 30 patients. A larger test set would yield more precise mean values for the evaluta-
tion metrics, allowing for better identification of anomalies. The clinical applicability of the sCT
needs to be further researched. For example, as shown in Figure 1.4, treatment delivery involves
position verification, where imaging modalities are used to account for changes in the position of
the patient at each fraction. The role of the sCT in the position verification process needs to be
further explored. Furthermore, a future study could also involve the evaluation of proton range
calculations, as uncertainties arising from this affect the dose distribution in the patient [Shafai-
Erfani et al., 2019], although this is generally accounted for at the optimization stage. Another
area to investigate would be the possibility of quantitative measures to assess the quality of the
sCTs without the need for CT data [Bentvelzen et al., 2018, van Harten et al., 2020].

This study has positive implications on pediatric patients undergoing proton radiotherapy. CT
scanning delivers a high radiation dose at the planning stage [Meulepas et al., 2019]. However, pa-
tients with brain tumour already receive high doses of radiation for treatment, making the added
dose from CT negligible. However, the implementation of sCT could alleviate the discomfort of
multiple scanning sessions. It removes the burden of increased doses of anaesthesia, with their ac-
companying negative side-effects on the health of the patients [Malviya et al., 2000]. Furthermore,
uncertainties can arise as a result of the multi-modal approach due to the registration of CT and
MR [Ulin et al., 2010]. If significant, this leads to the delivery of added radiation dose to surround-
ing tissue, reducing the quality of treatment. Dosimetrically accurate sCT can eliminate this by
removing the need for image registration. Lastly, this approach could provide a more streamlined
workflow, increasing the time and cost efficiency of the treatment. The results reported here move
towards a successful MR-only method that would get rid of some of the disadvantages of the
multi-modal approach. Overall, they indicate that the cGAN method of sCT generation could be
used for an MR-only workflow with brain tumour pediatric patients.

4.1 Conclusion

This study aimed to assesss the dosimetric feasibility of deep-learning generated sCT, for the case
of pediatric patients with brain tumour undergoing proton therapy. Its methodology involved
the selection of a test set from a sample of patients who have undergone CT and MR scans in
preparation for radiotherapy, and had sCTs produced as part of a previous study. To perform an
evaluation of the sCT performance, the affinity of sCT to real CT data was measured. This was
conducted with image-based similarity metrics; MAE and DSC as well as dosimetric comparisons;
DD, DVHs and Gamma criteria. Averaged results revealed an accurate HU assignment for sCT,
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comparable to similar studies. the mean DSC indicated overlap of segmentations of the sCT to the
CT. The mean voxel-wise differences and DVHs yielded only small differences in local and OAR-
based doses, and most points (approaching 100%) on the sCT passed the gamma criteria. This
correspondence of sSCT to CT indicates that dose calculations for the purpose of proton planning
are feasible on these sCT. This proton-based study adds to the bulk of growing research on the
MR-only approach to radiotherapy planning. MR-only provides a shorter, more efficient workflow
relative to the multi-modal MR-CT approach. It further relieves the burden of added imaging
sessions and exposure to anaesthesia, amongst other advantages. With further larger studies and
investigations into clinical applicability, deep-learning based sCT could be integrated into clinical
settings to reap the benefits of the MR-only approach.
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