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Abstract

As one of the most complex tumors, there are over a hundred tumor types of brain tumors.
Among all treatment options, radiotherapy (RT) has been shown to greatly enhance the
survival and local control rates for brain malignancies, and it is the standard method for
brain tumor treatment, with better results than treating with only surgery or chemotherapy.
Given the complexity of the biological system in brain tumors, an effective and

personalized method for determining doses for radiation prescriptions is essential.

Tumor control probability (TCP) and normal tissue complication probability (NTCP) are
indicators that can measure how the three-dimensional physical dose distributions are
transfered into biological effects. In this thesis, I first investigated the parameter
uncertainties in radiobiological models (e.g., TCP and NTCP), and offered a personalized
prescription dose prediction method based on an optimized model by considering
individual variances in radiobiological parameters and constraints on several organs at
risks (OARs). The therapeutic ratio for brain tumors following the proposed principles

has been increased, while normal tissues have been protected.

Since glioblastoma multiforme (GBM) is one of the most malignant primary brain tumors.
Local recurrence after RT is the most common mode of failure. Standard RT practice
applies the prescription dose uniformly across tumor volume disregarding radiological
tumor heterogeneity. I presented a novel strategy by using diffusion-weighted (DW-)
MRI to calculate the cellular density at the voxel level within the gross tumor volume
(GTV) in order to facilitate dose escalation to a biological target volume (BTV) to
improve tumor control probability. The pre-treatment apparent diffusion coefficient

(ADC) maps derived from DW-MRI of ten GBM patients treated with radical



chemoradiotherapy were used to calculate the local (per voxel) cellular density. Then,
a TCP model was used to calculate voxelated TCP maps from the derived cell density
values. The dose was escalated using a simultaneous integrated boost (SIB) to the BTV.
By applying a SIB between 3.60Gy and 16.80Gy isotoxically to the BTV, the cohort’s

TCP has been increased by a mean of 8.44% (ranging from 7.19% to 16.84%).

As a promising alternative treatment, proton radiation therapy can significantly protect
normal tissues due to the Bragg curve and thus the dose to tumor can have more headroom
to increase, consequently increasing the tumor control rate and the therapeutic ratio.
Therefore, proton therapy has been considered as a potential and increasingly popular
treatment method. In this thesis, I investigated the uncertainty factors within the proton
RT flow, and calculated the proton-related BTV and SIB, leading to an improvement of
overall TCP. Comparisons between photon and proton dose optimization methods were
also discussed. Exploitation of the proton-related SIB dose with radiosensitivity
parameters from in-vitro biological experiments, 4.18Gy to 17.67Gy were provided to
BTV, and TCP values were increased by 11.39% to 34.25%. The proton plans had lower
doses to all the OARs and the doses to all non-tumor tissue (body minus PTV) was on
average 3.31Gy lower than photon treatments, which means the OARs and normal tissues

have been better protected.



Impact Statement

Since brain tumors have been considered as one of the most complex malignancies, in
particular, glioblastoma multiforme (GBM) is the most frequent malignant brain tumor
with low survival rates, the impact of optimising prescription doses in the radiotherapy
treatment is significant. As has been reviewed, the range of current prescription doses is
related to different types of brain tumors, both for adults and children, ranging from 20Gy
to 90Gy, which indicates a huge difference. Such wide ranges are mainly due to
differences in the patients’ age, Karnofsky Performance Scale (KPS), brain tumor types
and tumor locations. It is also noted that the European Organisation for Research and
Treatment of Cancer (EORTC) or the Radiation Therapy Oncology Group (RTOG)
guideline only suggested the range of the prescription doses for different brain tumor
types, and dose ranges used in different cancer centers have their own standard protocols.
Therefore, a personalized and accurate prescription dose prior to the physical
radiotherapy treatment is investigated in this thesis. 27 patients with brain tumors were
enrolled, and TCP and NTCP models were reimplemented for the proposed prescription
dose optimisation methods. To further justify the proposed personalised method in
practice, I first analysed the constraints of organs at risk, dose distribution, tumor types
and radiotherapy techniques for each patient, and then the corresponding TCP/NTCP
values were calculated. The experimental results demonstrated the outperformance in the
theopoetic radio improvement for all patients enrolled in the thesis. In addition, robust
evaluation in proton therapy was performed and satisfied for all patients, which fulfilled
the requirements of clinical treatments. Since this project was truly collaborative and

cross-disciplinary, its impacts can go beyond the themes explicitly presented in this thesis.



The whole program architecture can be implemented in clinical research settings and used
as a clinical tool for prescription dose optimization for individual patients. It is
foreseeable that the proposed method can be used for the design of clinical trials in

radiotherapy and this planning study is the first step to that end.

This technique can be applied to the design of clinical plans for both photon and proton,
and through the comparison of radiotherapy plans, it is possible to analyse which
radiotherapy regimen is more appropriate for different tumor types. For example, given
that large-scale proton radiotherapy will not be available in the near future, it is more
important to select tumors that are suitable for proton radiotherapy, while for some other

tumours the existing photon radiotherapy can be optimised to achieve treatment goals.
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Chapter 1

Introduction

There have been over a hundred different types of brain tumors [3], [4]. Radiotherapy
(RT) has been demonstrated to considerably improve brain tumor survival and local
control rates [5], [6]. Prescription dosage is one of the primary factors that can affect the
radiotherapy-related results [7]. Considering the complexity of the biological system in
brain tumors, it is necessary to propose an effective and individualized approach for
determining prescription doses for radiotherapy. This thesis presents a series of

investigations towards a potential treatment for brain tumors using radiotherapy.

The conformity of the isodose line to the target volume (TV) and the normal tissue range
involved in an RT plan is typically assessed using the three-dimensional dose distribution
generated by the treatment planning system (TPS). Tumor control probability (TCP) and
normal tissue complication probability (NTCP) have been used to model the biological
impacts from the three-dimensional physical dose distributions, where TCP and NTCP
denote the probability of removing tumor cells and radiological complications in normal
tissues, respectively. This work proposed a method to optimize the prescription dose, for
improving the therapeutic ratio and protecting normal tissues based on TCP and NTCP
models. In particular, biological uncertainties in TCP and NTCP models have been

discussed to provide a novel radiation treatment optimization.
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Normally, the RT treatment plan is performed based on standard computed tomography
(CT) imaging. I also assessed a specific type of magnetic resonance imaging (MRI) called
diffusion-weighted MRI (DW-MRI), to provide additional information of tumor cell
density versus conventional imaging methods. DW-MRI was used for defining the high
risk of progression area and then designing the radiotherapy treatments to enable an
increased dose to such area. The pre-treatment apparent diffusion coefficient (ADC) maps
derived from DW-MRI of ten glioblastoma multiform (GBM) patients treated with
radical chemoradiotherapy were used to calculate the local cellular density maps based
on published data. Then, TCP models were used to calculate voxelated TCP maps from
the derived cell density values. The dose was escalated using a simultaneous integrated
boost (SIB) to the biological tumor volume (BTV), defined as the voxels for which the
expected pre-boost TCP was in the lower quartile of the TCP range for each patient.
The SIB dose was chosen so that the minimum TCP in the BTV was increased to match

the average TCP of the whole tumor.

Proton RT-based BTV and SIB optimisation model has also been investigated to compare
the proposed personalised dose escalation in photon radiotherapy, quantifying the
expected TCP and therapeutic ratio increase. A collection of treatment uncertainties has
been evaluated to allow the feasibility of delivering the proposed technique in clinical
practice. The aim was to provide a basis upon which a future clinical trial could be
designed. TCPs of brain tumor patients could be increased by escalating the dose to
specific levels and intratumorally guided by the patient’s biology (e.g., cellularity),

offering the possibility for personalized photon and proton RT treatments.
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1.1 Aims and Objectives

Due to the complexity of the biological system and heterogeneity in brain tumors, this
thesis aims to explore a personalized approach for prescribing radiation doses for
individual patients with brain tumors in order to increase the therapeutic ratio.
Personalized prescription of uniform tumor doses provides one way of improving the
therapeutic ratio. In addition, a personalised dose-painting approach is investigated for
further improving the therapeutic ration, individualizing doses on both voxel and patient
levels. To achieve these research aims, I broke down them into the following technical

objectives:

e Investigation of biological models, i.e., TCP and NTCP models, to calculate
personalised prescription doses, achieving higher therapeutic ratio and protecting
the normal organs at risk within the radiation thresholds.

e Use of medical imaging-based biomarkers to enable a personalized
radiobiological model to calculate the voxel-level TCP maps that correspond to
the planned dose painting for each patient treatment.

e Performing personalised proton dose painting by use of the proton radiotherapy

properties in the treatment of brain tumor patients.
The aims of each chapter are summarized herein:

e Chapter 2 highlights the theoretical background and reviews the work relevant to
this thesis. Since this thesis is focussed upon brain tumor radiotherapy treatment,

an overview of treatment procedures and retrospective studies for brain tumor
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treatment is comprehensively reviewed. Following this, the current prescription
doses for brain tumor, dose optimization studies and the state-of-the-art TCP and
NTCP models are surveyed. After that, some necessary background of functional
imaging and dose painting for precise radiotherapy are introduced. Finally, proton
therapy is briefly described, and the benefits and limitations of photon and proton
radiotherapy are discussed in detail.

Chapter 3 presents a personalised radiation dose optimisation method by
employing the biological uncertainty brought into TCP and NTCP models, with a
focus on the commonly used Poisson-LQ model and LKB model in commercial
treatment planning systems. Within the proposed method, characteristics of
different organs at risk (OARs), and parameter variances in TCP and NTCP
models are considered to produce an optimized prescription dose. Following this,
planning system evaluation is performed by comparing whether the therapeutical
ratio at the optimized dose is higher than using the original prescription dose.
Chapter 4 investigates the relationship between apparent diffusion coefficient
(ADC) and cell density, by employing the DW-MRI technique to estimate the
number of tumor cells, a critical factor for the outcome of the treatment. ADC
maps derived from DW-MRI are used to calculate the cellular density maps and
TCP maps within the gross tumor volume (GTV) at the voxel level to define a
personalized biological target volume (BTV). A simultaneous integrated boost
(SIB) dose model is then proposed for individual patients, and the SIB dose is
applied to BTV for the overall improvement in TCP.

Chapter 5 proposes a novel dose painting approach for proton radiotherapy to

achieve a heterogeneous dose distribution in the tumor area where high-risk
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volumes are delivered with boosted doses. I investigated the technical features of
proton radiotherapy, functional imaging and proton TCP model, to define the
contour of BTV and calculate the SIB dose. Doses to OARs are decreased using
this method, especially for visual pathways, with almost 0Gy in my patients’
cohort. Characteristics, therapeutic ratio and robustness of proton and photon dose
painting plans have been discussed.

Chapter 6 concludes the thesis and suggests possible fruitful avenues for future
research, such as an adaptive radiobiological treatment by tuning the BTV and

prescribed dose per fraction.

1.2 Novelty of The Thesis

To address the aforementioned research objectives, novel contributions of the thesis are

summarised as follows:

A novel prescription-dose optimization method based on TCP and NTCP models,
with a particular focus on prevailing models used in commercial treatment

planning systems. (Chapter 3)

A further investigation on various uncertainties within TCP and NTCP models to

provide a robust prescription-dose prediction. (Chapter 3)

A personalized treatment framework considering different OARs among patients,
able to predict a prescription dose based on various constraints for individual

patients. (Chapter 3)
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The first DW-MRI based dose painting method by investigating the voxel-level
cell density for GBM. (Chapter 4)

A novel method to produce voxel-level TCP maps based on voxel-level cell
density analysis, where boosted doses are assigned into tumor area with lower
TCP values (i.e., area with higher cell density) for overall tumor control
improvement. (Chapter 4)

The first dose painting method for GBM in proton therapy which combines DW-
MRI and voxel-level TCP maps for the improvement of tumor control and OARs
protection. (Chapter 5)

The robust optimisation and evaluation integrated range and position uncertainties
specific to protons to better exploit the clinical potential for proton therapy.
(Chapter 5)

Quantitative and qualitative comparisons between photon dose painting and
proton dose painting plans for GBM in terms of target coverage, normal tissue

and OARs protection and robustness. (Chapter 5)
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Chapter 2

Literature Review

2.1 Radiotherapy and Radiobiological Models for

Brain Tumor

2.1.1 Brain Tumor and Radiotherapy

Brain malignancy has been one of the most complex tumors in the world [3]. There have
been more than a hundred tumor types in the central nervous system according to the
study from Capper et al. [4]. Some brain tumors are difficult for surgical resection, such
as medulloblastoma, ependymoma, atypical teratoid rhabdoid tumor, chordoma and
chondrosarcoma of the skull base or cervical spine, since they have special anatomical
positions [8]-[12]. Figures 2.1 and 2.2 show the distribution of brain tumors by tumor

locations and types [13].
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Among all the treatment methods, use of radiotherapy can significantly increase the
survival and local control rates for brain tumors [6] and continues to be a standard method

for these tumors, with improved outcomes over surgery and chemotherapy alone [11],
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[14], [15]. Radiotherapy also continues to go through a rapid phase of technological
development. Intensity-modulated radiotherapy, arc therapies, stereotactic therapy, image
guidance and magnetic resonance imaging-linacs aim to deliver highly conformal beams
to maximise tumor doses and reduce doses to normal tissues [16]. Recently, protons and
heavy ions are used in radiotherapy to improve treatment outcomes, where a high
radiation dose can be delivered to the tumor while minimizing the radiation dose to the
surrounding healthy tissues, due to a characteristic known as Bragg peak, providing a

more precise and effective treatment with fewer side effects [159, 160].

2.1.2 Current Radiation Prescription Doses for Brain Tumors

I presented a comprehensive review of prescription doses for brain tumors in recent
published studies. Table 2.1 summarized prescription dose levels for different types of
brain tumors (both for adults and children), where most of the prescription dose levels
reviewed from the Perez and Brady’s Principles and Practice of Radiation Oncology, the
must-have standard reference for radiation oncologists. It is noted that the International
Commission on Radiation Units & Measurements (ICRU) or the Radiation Therapy
Oncology Group (RTOG) guideline only suggested the range of the prescription doses
for different brain tumor types, and dose ranges used in different cancer centers have their
own standard protocols [17], [18]. According to the survey in Table 2.1, the range of
current prescription doses related to different types of brain tumors, both for adults and
children, varies between 20Gy to 90Gy, which indicates a huge difference. Such wide
ranges are mainly due to differences in the patient’s age, Karnofsky Performance Scale

(KPS), brain tumor types and tumor locations. Therefore, a personalized and accurate
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prescription dose prior to the physical radiotherapy treatment needs to be investigated. In

Chapter 3, I proposed a personalized prescription dose prediction and optimisation

method, where the produced doses will be compared against currently released dose

ranges shown in Table 2.1.

Table 2.1 Summary of current prescription doses for brain tumors.

Tumor types

Prescription dose

Primary
intracranial

neoplasms

Malignant glioma

Grade III and IV are same with
GBM

Standard therapy

Glioblastoma

(GBM)

60 Gy in 30-33 fractions [19]

45 Gy, 1.7-2 Gy daily [19]

60 Gy in 6-7 weeks [19]

60 Gy + 10Gy boost to a limited

volume in 7 to 8 weeks [19]

90 Gy [19]

61.4 Gy in 69 fractions, 3
fractions/day [19]

72 Gy in 60 fractions, 2
fractions/day [19]

Proton therapy

60-70 Cobalt Gray Equivalent
(CGE) [19]

90 CGE [19]

96.6Gy (Photon+proton) in 56
twice-daily fractions: T2 enhanced
region was treated to 50.4 CGE in

28 daily morning fractions; T1-

enhancing region was treated to
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Primary
intracranial

neoplasms

50.4 CGE in 28 daily evening
fractions [19]

Treatment of
older than 65-

years old patients

60 Gy in 30 fractions [20]

40 Gy in 15 fractions [20]

34 Gy in 10 fractions [21]

Anaplastic glioma

60 Gy in 30 fractions [19]

Pilocytic

astrocytoma

50 to 55 Gy, 1.8-2Gy daily [19]

Low-grade Nonpilocytic/
glioma diffusely
infiltrating

gliomas

54 Gy, 1.8 Gy [22]

59.4 Gy, 6.6 weeks [23]

50.4, 28 fractions [24]

64.8, 36 fractions [24]

Ependymoma

54-59.4 Gy [19]

Medulloblastoma

35 Gy for whole brain [19]

23.4 Gy craniospinal irradiation
(CSI) for young adults, 36 Gy for
the older [19]

54-55.8 Gy for posterior fossa [19]

45-50 Gy for spinal metastases [19]

50-54 Gy for intracranial

metastases [19]

Grade 1

50-54 Gy in 25-30 fractions [19]

Meningioma

Grade 2-3

54 Gy in 30 fractions for atypical

meningioma [19]

60 Gy in 33 fractions for malignant

meningioma [19]
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Craniopharyngiomas

50-54 Gy in 25 - 30 fractions [19]

51.3-70 Gy [19]

Vestibular schwannoma and

neurofibroma

50-55 Gy in 25 to 30 fractions [19]

Hemangioblastoma and

hemangiopericytoma

50 - 60 Gy [19]

Pituitary gland cancer

45 Gy [25], [26]

Pediatric
brain

tumors

CNS 50 - 55.8 Gy, 1.8 Gy daily [19]
Primary tumor of
. 50.4 Gy [19]
the spinal cord
Children younger
<50.4 Gy [19]
Conventional than age 3 years
treatment Radiosensitive )
30 - 45 Gy, 1.5 Gy daily [19]
tumors
45-50.4 Gy [19]
Low-grade 59.4- 64.8 Gy [19]
astrocytoma 54-55 Gy for standard practice [19]
Astrocytic | (WHO Grades I 45-50 Gy may be better [19]
tumor in and II) ]
50-54 Gy depending on age and
different .
tumor location [19]
grades
High-grade 50-54 Gy due to the tolerance of
astrocytoma optic chiasm [19]
(WHO Grades III
and IV) 59-60 Gy [19]
45-50 Gy for younger than 5 years
Optic pathway old [19]
gliomas
50-54 Gy for older than
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Pediatric
brain

tumors

5 years old [19]
Focal 54 Gy given over 6
tumors weeks [19]
54 Gy, 30 fractions
[19]
Astrocytic
phase I/II: 64.8-78
tumor in Gy [19]
: y
speciﬁc Diffuse
locations intrinsic 50.4 Gy, 28
Brainstem pontine fractions, 2
Gliomas tumors fractions/day [19]
(DIPGs) 39 Gy, 13 fractions
[19]
45 Gy, 15 fractions
[19]
Astrocytoma of _ ' '
' 50.4 Gy in 28 daily fractions [19]
the spinal cord
Myxopapillary
50.4 Gy [19]
ependymoma
45-54 Gy even 54 Gy [19]
54 Gy for children > 18months [19]
Ependymal Ependymoma 70.7 Gy [19]
tumor
70.4 Gy [19]
60 Gy [19]
Anaplastic 54-55 Gy [19]
ependymoma 59-60 Gy [19]

Neuronal and mixed neuronal-

glial tumors

50 Gy for typical neurocytomas
[19]

32



54 Gy for atypical neurocytoma
[19]

Pineocytoma 50 to 55 Gy over 6 weeks [19]

For > 3-years old, 3 5-36 Gy +
boost to whole posterior fossa to

54-55.8 Gy [19]

Medulloblastoma CSI23.4 Gy [27]
CSI 36 Gy [28]
Pediatric Embryonal
brain tumors Supratentorial
tumors primitive CSI dose >35 Gy and the primary
neuroectodermal site >54 Gy [19]
tumor (stPNET)

Atypical teratoid/ 50.4 Gy for < 3-years old [19]

rhabdoid tumor 54 Gy for > 3-years old [19]

54 to 55 Gy in 30 daily fractions

Tumors of | Craniopharyngioma o]

the sellar

: Pituitary
region 45 to 50 Gy over 5 to 6 weeks [19]
adenomas

Many researchers have been working on optimizing the current prescription dose. Scott
et al. proposed a personalized prescription dose approach by using genomic markers of
radiosensitivity [29]. They utilized the gene expression-based radiosensitivity index (RSI)
and genomic-adjusted radiation dose (GARD) formalism to calculate a personalized RT
prescription dose that biologically optimizes prescription dose for each patient. Results

showed that personalized radiotherapy prescription doses deliver optimal doses to up-to
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75% of the patients with non-small cell lung cancer, where they were restricted within
the standard of care. However, this method highly relies on biological experiments at the
gene level, thereby requiring high-end equipment usually unavailable for many

institutions.

Even through a higher dosage is more effective in controlling tumors, it is hindered by
the restricted dose capacity of normal tissues. Some researchers used receiver operating
characteristic (ROC) to analyse the prescription dose [30], [31]. Su ef al. calculated the
cut-off value of PTV radiotherapy dose by ROC analysis [32]. In their study, different
PTV radiotherapy doses correspond to different survival rates. However, ROC is able to
analyze an optimized value based on only a single variable, while the prescription dose

optimization is always a multi-variable problem.

There have been other works performing the clinical trials to observe the optimized
prescription doses. It usually takes one to eight years for researchers to track the outcome
of patients’ treatment. Many patients usually cannot wait for the best treatment plan due
to such a time-consuming process. Therefore, how to obtain an appropriate clinical trial
design in terms of dose regimens in a patient acceptable time periods is of high value in
clinical radiotherapy. Ajdari ef al. from Harvard University published an editorial article
in 2019 proposing that mathematical tools can help assess treatment efficiency and adapt
the treatment plan based on individual biological responses [33]. Specifically, this study
is based on two integral metrics: tumor control probability (TCP) and normal tissue
complication probability (NTCP). Over the course of the treatment, the planner receives
information (signals) about tumor/OAR responses through serial biomarkers and

evaluates the adapted values of TCP and NTCP [33]. Inspired by this article, I decided to
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construct a model to predict the prescription dose based on the differences between TCP

and NTCP values. The details of my methods will be illustrated in Chapter 3.

2.1.3 Radiobiological Models

A fundamental way of improving both radical radiotherapy and palliative radiotherapy is
to increase the therapeutic ratio, by increasing the radiation dose or the radiosensitivity
of tumors, and reducing the dose to normal surrounding tissues. Both animal experiments
and clinical radiotherapy practice have proven that the relationships of doses versus tumor
control and the radiation complications are illustrated by TCP and NTCP models [34].
TCP represents the probability of eliminating all tumor clonogens. Normal tissue
complications mean certain damage to organs or tissues after irradiation, such as radiation
pneumonitis, blindness, pericarditis, efc [34]. Conventionally, a rise of TCP about 10%-
20% per 10% increase in dose is expected [35]. However, if a tumor’s TCP and NTCP
curves are close to each other, the tumor treatment dose cannot be prescribed at a high level,
otherwise serious radiation damage will occur. Therefore, how to obtain an accurate
prescription dose has a great impact on controlling the tumor and reducing normal tissue
complications. Clinicians generally give tumor doses (radiation prescription doses) to
tumor lethal dose levels, which are defined as the doses required to achieve a tumor control
rate of 95% (TCDvs) [36], [37]. However, doses high enough to control 95% of tumors
can currently only be given to a few tumors, e.g., prostate, due to the dose tolerance of
the surrounding normal tissues. Emami et al. have compiled the lethal doses of different
types and stages of tumors, and suggested that lethal doses vary with the tumor size,

radiosensitivity and the range, pathological grade and degree of cell differentiation [37].
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Since radiation inevitably cause damage to normal tissues and organs near the tumor, it
is necessary to find out how much dosage is tolerable for a normal tissue, named normal
tissue tolerance doses, including 7Ds/s and TDsos [36], [37]. TDsss is defined as the
minimum injury dose, which means that, with standard treatment conditions, no more than
5% of patients with severe radiation injury caused by radiation therapy are within 5 years
after treatment. 7Dso/5 is defined as the maximum injury dose, which indicates that, with
standard treatment conditions, no more than 50% patients have severe radiation injury due
to radiation therapy within 5 years after treatment. In order to facilitate the design of
treatment plans for radiation oncologists and radiophysicists, lethal doses of tumors and
tolerated doses of normal tissues need to be considered. Emami investigated the tolerated

doses of various normal tissues, corresponding to different endpoints [35].

2.1.3.1 Cell Survival Theory and Liner Quadratic (LQ) Model

TCP and NTCP values are indicators to measure how the three-dimensional physical dose
distributions are transferred into biological effects, and they are calculated based on the
cell survival theory [36]. After irradiation, the relationship between the fraction of cells
retaining their reproductive integrity and the absorbed dose is shown in Figure 2.3.
Radiation directly affects DNA molecules in the cell. As we all know, DNA has two strands.
Single broken DNA strand can usually be repaired by the cell, while two broken DNA strands
results in cell death [36]. When two strands are broken by a single particle, the probability of
the lethal lesion is proportional to dose, then the cell survival rate (S) is written as

S = exp(—aD), (2.1)
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where o is the average probability that a cell can be killed by a single particle directly under
the radiation dose D. If two broken strands come from two separate electrons, the probability

is proportional to square of doses. S is then written as
S = exp(—pD?), (2.2)

where f is the average probability that a cell can be killed by two particles directly under the
square of radiation doses. Combining the aforementioned events, the Linear Quadratic (LQ)

model is created and characterized as
S = exp(—aD — BD?). (2.3)

As is shown in Figure 2.3, there are two types of cell damage, a and f damage, where o
damage is irreparable while f damage is repairable. D is the radiation dose. o and S values
are the coefficients of dose proportional for the two types of damage. Their units are Gy
and Gy respectively. When the effects of the two types of damage are equal, i.e., aD = D7,
this leads to D = o/ which is a significant parameter of the LQ model. o/f value represents
the curvature of the cell survival curve. The larger the value of a/f is, the more straight the
cell survival curve will be. The value of o/ also represents the ability of cells to repair sub-
lethal damage. Tissues with large o/ (e.g., 10Gy) are called early response tissues, such as
tumors, skin, mucous membranes, and intestinal epithelial cells, etc. They are sensitive to
radiation and will occur damage early after irradiation. On the other hand, tissues with small
o/f (e.g., 3Gy) are called late reaction tissues, such as lung, kidney, spinal cord, and brain

tissue, efc. They are not sensitive to radiation and damaged long time after the irradiation [38].
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2.1.3.2 Tumor Control Probability (TCP) Models

I. Schultheiss Logistic TCP Model

The Schultheiss logistic model can be used to assess the dose effect of both tumor and
normal tissues. Because of the similarity of the dose-response curves between the tumor and
normal tissues, i.e., the TCP and NTCP curves are all S-shaped,

1
1+(250)K’

TCP(D) = (2.4)

where D represents total irradiation dose, Dso stands for the delivered dose resulting in
50% tumor control probability and k& is a parameter describing the characteristics of the

dose-response curve and is related to the slope of the dose-response curve.

Since the radiation dose to normal tissues is usually non-uniform, Niemierko proposed to

use Equivalent Uniform Dose (EUD) instead of D in the Equation (2.4) and replaced &

with 4ys0 [39]. y is the normalized slope of the dose-response curve, defined as y = D (62%).
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ys01s the slope at the point where the TCP value equals to 50%. Then, Equation (2.4) turns to

be:

1
Dso :
1'l'(EUD)‘WSO

TCP(D) = (2.5)

The Schultheiss logistic model has only two parameters and its form is simple and
intuitive. After introducing the EUD, it can predict the results of nonuniform irradiation

results, which is beneficial to manual calculations.

I1. Poisson TCP Model

When a tumor with N clonogenic cells is irradiated with a uniform dose D, the TCP follows

a Poisson distribution, expressed as below:
TCP = exp[—Nps(D)], (2.6)

where py(D) is the survival rate of a single clone-derived cell after receiving D dose

irradiation, expressed as
ps(D) = exp(—aD). 2.7)

Webb et al. derived the equations of N and o [40]

2
N = In2 exp (]/50 E)’ (2.8)
— 2 Y0
= 2 Doy’ (2.9)
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As mentioned above, Dso and yso are used to describe the dose and the normalized slope at

the point of 50% control probability, then Equation (2.6) can be rewritten as

(2.10)

For the case of heterogeneous irradiation, assuming all tumor subvolumes are independent,
the overall probability of tumor control is the product of the probabilities of eliminating all
clonogens in each tumor subvolume. Therefore, for heterogeneous dose distribution,
Equation (2.10) can be rewritten as

D

where Dso and ys0 are parameters we can choose and directly use from textbook [72]. A
collection of tumor dose-response parameters (Dso and ys0) extracted from single- and multi-
institution datasets in terms of different tumor sites and grades has been summarized and

published by Okunieff ez al. [35].
II1. Poisson Linear Quadratic TCP Model

Hall et al. combined the LQ model and the repair of tumor clone-derived cells to obtain a

general Poisson LQ model [38]. If the dose distribution is homogeneous, then we have

TCP = exp[—Nexp(—(a + pd)D)], (2.12)

40



where N is the initial number of clonogens, d is the dose in one fraction, D is the total dose,
a and f are cell radio-sensitivity parameters as described in Section 2.1.3.1. Parameters of
the Poisson LQ model were traditionally determined based on in-vitro experiments. Currently,
a prevailing way to estimate parameters is from clinical data. However, there has already been
enough clinical and experimental data to prove that it is a significant difference in the radio-
sensitivity of tumor cells even within the same tumor [41]. Furthermore, the radio-sensitivity
of tumor cells between patients’ groups can vary greatly [41]. These differences affect the
slope of the dose-response curve. Therefore, uncertainties of radio-sensitivity parameters, o
and £, should be considered when using the Poisson LQ TCP model. For brain tumors, the
values of a and f range from 0.04 to 0.102 and 0.0071 to 0.008, respectively [41]. A wide-
ranging set of the parameters collected from literature can be used to build the model with

a high degree of robustness, which is discussed in Chapter 3.

Under a uniform radiosensitivity, TCP values depend on the trade-off between the
variations in dose and numbers of clonogenic cells [42]. If low-dose regions correspond
to low clonogenic cell density then the TCP will not necessarily be reduced. However,
there is a potential impact of ignoring patient-to-patient radiosensitivity variation in the
TCP model. Webb and Nahum [42] suggested that the change of doses is related to
clonogenic cell density and a. For dose-painting studies, the choice of @ can affect the
estimate of the optimised dose levels across the tumor. For example, a low a may result
in over-estimating the degree to which doses should be varied with a. Therefore, it is
necessary to consider patient-to-patient radiosensitivity variation in TCP calculations.
The radiosensitivity parameters derived from clinical trials are more realistic than those
obtained from in-vitro biological experiments, and will be more in line with in-vitro

expectations by fitting a heterogeneous model [42]-[44].
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The Poisson LQ model not only takes into account the statistical behavior of killing tumor
cells, but also the repair of cells, and thus has currently become the most popular TCP model
used by the mainstream TPS, such as PINNACLE from PHILIPS and Eclipse from

VARIAN. In this thesis, I will use the Poisson LQ model to calculate TCP values.

2.1.3.3 Normal Tissue Complication Probability Models

I. Schultheiss Logistic NTCP Model

As described in Section 2.1.3.2, Schultheiss ef al. derived a normal tissue dose-effect
model from a generalized linear model [45], which can be both used in TCP and NTCP
model, i.e.,

1
14(250)k

NTCP(V =1,D) =

(2.13)

In (2.13), Dso is the dose in the dose-response curve when NTCP = 0.5. k is a parameter
describing the characteristics of the dose-response curve and is related to the slope of the
dose-response curve. Dso can be replaced by the maximum injury tolerance dose TDsoys.
The relationship between these parameters is k = 4ys0. Emami et al. used clinical data to
enumerate the TDso/s for most normal tissues and organs in the human body [37]. Since
the radiation dose to normal tissues is usually non-uniform, Niemierko proposed to use

EUD instead of D in the Equation (2.13) [39], leading to
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NTCP = . 2.14
e =
Equation (2.14) can be further simplified as
NTCP = (=22 )4¥so, (2.15)
TDso/5

I1. Lyman-Kutcher-Burman NTCP model

Lyman proposed the first sigmoidal dose response (SDR) cumulative model to describe
the dose response of the volume V in the normal tissue irradiated under the uniform dose

of D [46]:

NTCP = d(2—2595y (2.16)

mTD50/5

®(x) is the probability unit function

d(x) = “tdt

1 X
.
= 2[1+erf(Z)]. (2.17)

V2

EUD—TDso/S
mTD50/5

where x = . mis a parameter that controls the slope of the NTCP dose-

response curve. With the development of radiotherapy technology, the level of non-
uniformity in normal tissue has been increased. Kutcher and Burman improved the SDR
model [47], [48]. They used EUD instead of D in Equation (2.16) to form the current

universal Lyman-Kutcher-Burman (LKB) model,
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NTCP = d(E2 D0y, (2.18)

mDSO

Herein, in LKB model, the EUD is equal to a generalized mean dose (GMD), calculated

from the dose-volume pairs (D;, vi) in the differential DVH (dDVH) using
GMD = (%, V;D;™", (2.19)

where n is the volume effect factor, which determines the dose-volume dependence of a

tissue and hence accounts for structural variations across tissues.

The most commonly used dose-response complication data for normal tissues was
published by Burman et al. [44] and Emami ef al. [34]. These data can estimate many
distinct normal tissue types, corresponding to doses with complication rates of 5% and
50% for irradiation of one-third, two-thirds, and total organs. Burman et al. presented the
estimates of the LKB model parameters for 27 normal tissues using these data [48]. In
addition, uncertainties in the parameter values and the corresponding calculated NTCP
values are indeterminate. With the development of radiotherapy, a number of works have
provided parameter estimates for the LKB model, including brain stem, optical nerves
and optical chiasma [49]-[53], Quantitative Analyses of Normal Tissue Effects in the
Clinic (QUANTEC) suggested a set of uncertainties of the radiobiological parameters in

the LKB model [54].

The Schultheiss logistic model is the foundation for both TCP and NTCP calculations,
which considers only two parameters, characterized as a simple and intuitive form. The
LKB model is a three-parameter DVH-based model, considering the irradiated volume of

normal tissues, and its form is more mathematically complex than the Schultheiss logistic
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model. The LKB model has been the most widely used tool to evaluate and compare

treatment plans [55], and guide dose-escalation studies [56], [57], toxicity prediction and

patient selection [58]. Research efforts to design biological-based treatment plans often

employ the LKB model for the description of normal tissue complication probabilities

[59], and to guide individual treatment plans [60]. The commercial TPS, such as

PINNACLE from PHILIPS and Eclipse from VARIAN, have employed the LKB model

to calculate NTCP. In this thesis, I will employ the LKB model and its parameter

uncertainties to calculate NTCP values.

Table 2.2 An overview of different TCP and NTCP models and their expressions.

Type

Model

Equation and Parameters

TCP

Schultheiss
logistic

1

Dso
EUD

TCP(D) =
14 (

)4]/50

Ds: Delivered dose resulting in 50% tumor control probability.
ys0: Slope at the point of 50% tumor control probability.

Poisson

2Y50(1—DL50)

oy
-

Ds: Delivered dose resulting in 50% tumor control probability.

ys0: Slope at the point of 50% tumor control probability.

Poisson-LQ

TCP = exp[—Nexp(—(a + Bd)D)]

a: Average probability that a cell can be killed by a single particle
directly under the radiation dose.

[ Average probability that a cell can be killed by two particles directly
under the square of radiation dose.

N: The number of tumor clonogens.

NTCP

Schultheiss
logistic

EUD

NTCP = (
TDsg/s

)4)’50

TDsq/5: Tolerance dose of no more than 50% of patients with
severe radiation injury caused by radiotherapy for 5 years after
treatment.

ys0: Slope at the point of 50% tumor control probability.
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EUD — TD
NTCP = &(—————5
mTDSO/S

TDsq/5: Tolerance dose of no more than 50% of patients with

LKB severe radiation injury caused by radiotherapy for 5 years after
treatment.

m: The slope of the complication probability vs. dose curve.

n: The volume dependence of the complication probability.

2.1.4 Conclusion

Clinical and experimental evidence illustrated that TCP and NTCP show S-shaped curves
with dose changes. A good treatment regimen should maximize the likelihood of tumor
cure (high TCP) and minimize the risk of complications in normal tissues (low NTCP).
In Chapter 3, the applications of TCP and NTCP in the treatment planning system is
illustrated. The advantages of the TCP and NTCP radiobiological models are employed
to consider biological optimization for dose prediction. In Chapter 4 and Chapter 5, the
biological target volume (BTV) and biological optimization were further explored for

dose optimization.

2.2 Dose Escalation and Imaging-based Dose

Painting for GBM

2.2.1 Glioblastoma Multiforme

Glioblastoma multiforme (GBM) is the most common primary malignant brain tumor

[61]. Figure 2.2 in Section 2.1.1 showed that GBM account for 46.6% of all the types of
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brain tumors. To ensure patients with GBM undergoing radiotherapy in a safe and
consistent manner, the standard treatment in UK is to use radiotherapy along with
concurrent chemotherapy and adjuvant chemotherapy [62]. The Karnofsky Performance
Scale (KPS) is used as an assessment tool for predicting the length of survival in
terminally ill patients. The score of KPS ranges from 0 to 100. A KPS score approaching
to 100 indicates the patient is better able to carry out daily activities. Generally, the age
of 70 years is considered as the cut-off for radical therapy. According to the standard
procedure for GBM treatment in UK [62], for patients under 70 years old and KPS values
higher than 70, 60Gy in 30 daily fractions over 6 weeks is performed. For patients older
than 70 years old and KPS less than 70, radiotherapy doses are only prescribed with
40.05Gy in 15 daily fractions over 3 weeks. Both groups are treated with concurrent

chemotherapy and adjuvant chemotherapy using temozolomide (TMZ).

During the radiotherapy treatment, patients should be immobilized using thermoplastic
shell in a supine position. The planning CT is usually scanned by Smm slices and
registered with pre- or post-operation MRI sequences (T1 plus gadolinium, T2, T2 FLAIR)
[19]. In radical RT, the GTV is defined from the planning CT data and preoperative
images from MRI fusion where possible. GTV is the enhanced tumor on MRI T1 images.
Clinical target volume (CTV) is GTV plus the margin ranging from 2cm to 2.7cm [63].
PTV is defined as CTV plus the margin of 0.3cm-0.5cm. In the RT for GBM, the critical
organs usually include brain stem, spinal cord, optic nerves, optic chiasma, retina and
lenses. Their corresponding tolerance doses are evaluated according to the QUANTEC
and Emami et al. [37], [54]. The dose requirements for tumor target are shown in Table
2.3. RapidArc intensity modulated radiation therapy (IMRT) is routinely considered as

the RT technique for GBM in UK.
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Table 2.3 Target dose requirements for GBM.

Dose Volume Index Objective (% of Prescription Dose)
) 11T 90%
Dose, 95%
Dso 50%
Dsv, 105%
D3, 107%

However, despite advanced diagnostic modalities and optimal multidisciplinary
treatments that typically include maximal surgical resection, radiotherapy (RT) and
systemic chemotherapy, the majority of patients with GBM still experience tumor
progression and mortality. Most clinical trials reported that the median overall survival
(OS) ranges from 14.6 to 16.7 months with a 2-year survival rate ranging from 26% to
33% [62]. Table 2.4 summarized the failure mode of the recurrence in field based on
clinical trials. From Table 2.4, the in-field recurrence is the most common pattern for
GBM, since most treatments cannot eradicate all tumor cells, explaining the high rate of
recurrence. Molecular heterogeneity is one of the greatest challenges in developing
effective treatment for patients with GBM [64]. Considering the diffuse nature of the
disease, surgery is often insufficient. Reirradiation may help local disease control in a
proportion of patients, but this approach is not always feasible due to the hazards of
cumulative neurotoxicity [65]. Chemotherapy also has major limitations. Since most

drugs cannot cross the bloodbrain barrier, penetration into tumor cells is limited [66].
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Table 2.4 Failure pattern of recurrence in-field based on clinical trials.

Number of enrolled patients Recurrence in field

Milano et al. 2010 [67] 39 80%
McDonald et al. 2011 [68] 43 92%
Petrecca et al. 2013 [69] 20 90%
Sheriff et al. 2013 [70] 71 77%
Gebhardt et al. 2014 [71] 95 81%
Paulsson et al. 2014 [72] 78 77%
Choi et al. 2017 [73] 167 69%
Tini et al. 2018 [74] 129 79.1%
Gromeier et al. 2021 [75] 90 58%

2.2.2 Dose Escalation for GBM

Since the survival of GBM is poor and in-field recurrence is the most common failure
pattern, indicating that the prescribed irradiation dose is not sufficient for tumors.
Therefore, dose boosted radiotherapy has been explored to increase the tumor control [76],
[67], [193]. Fitzek et al. conducted a phase II clinical trial to assess whether dose
escalation to 90 cobalt gray equivalent (CEG) will improve local control and survival rate
[193]. Their results showed that the median survival time was increased to 20 months.
The dose of 90-CEG can prevent central recurrence. Tumor relapse usually occurred at
the area next to the 90-CEG volume. However, challenges with radiation necrosis are
expected to put a cap on attempts to increase local control by extending the radiation

volume [193]. Tanaka et al. found that compared with conventional 60Gy RT, high-dose
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(80-90Gy) RT significantly reduced the recurrence. The median survival in GBM patients
was 16.2 months (12.8-19.6) for the high-dose group, while a survival period of 12.4
months (10.0-14.8) was reported for the patients using conventional dose levels [76].
With respect to the 2-year survival rate, 38.4% (23.5%-53.3%) and 11.4% (0.0%—25.3%)
were reported for the high-dose group and conventional-dose group, respectively.
Nakagawa et al. [77] found that 16 out of 19 patients have recurrences in the conventional
60Gy group, whereas only 4 of the 13 recurrences existed in the 90-Gy Group. However,
patients treated with high dose levels may have higher risk of normal tissue complication.
There were two patients in the high dose group with radiation necrosis and one of them
has died. Therefore, high doses may reduce the recurrence but did not improve survival
for GBM using 3-dimensional conformal radiation therapy (3D-CRT) technique, due to

the increased related toxicity .

According to Minniti et al.’s research, contouring the target volumes by expanding the
postoperative cavity with 2cm instead of expanding based on vasogenic edema can better
spare the normal brain with the similar patterns of failure [78]. This suggests that dose
escalation RT to smaller tumor volumes within the tumor target is feasible and beneficial
[78]. In recent years, with the development of conformal radiation techniques, such as
intensity modulated radiation therapy (IMRT) and volumetric modulated arc therapy
(VMAT), they are able to deliver different dose levels to the target and better protect the
normal tissue compared with 3D-CRT. Therefore, interest in employing IMRT and
VMAT is growing to deliver boosted dose within tumors for GBM. Tables 2.5 and 2.6
reviewed publications in the past two decades, where partial dose escalation is used within
tumor target for newly diagnosed GBM, to verify whether dose escalation can improve

the treatment outcome compared to standard RT. In Tables 2.5 and 2.6, Gy/f is
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Gy/fraction; EQD:x is the equivalent dose; BED1o is the biological equivalent dose in Gy,

when assuming an a/f ratio of 10; 1yr OS is the 1-year overall survival rate (OS); lyr

PFS is the progression-free survival rate (PFS); MS represents median overall survival

months; MPFS represents median progression-free survival months; 3D-CRT is 3

dimensional conformal radiation therapy; IMRT is intensity modulated radiation therapys;

SIB is simultaneously integrated boost; and SRT is stereotactic radiation therapy.

Table 2.5 The survival rates and toxicities for newly diagnosed GBM when performing

RT with standard dose levels.

Prescription 1yr
Study EQD: BEDiw Chemo 1yrOS MS MPFS Toxicities Technique
dose PFS
Roa et al. No > grade 2
60Gy/30f 60.00 72.00 No 20.00%  6.00% 6.4 42 o 3D-CRT
(2015) [20] acute toxicity
Stupp et al.
60Gy/30f 60.00 72.00 No 51.40% \ 11.8 \ \ 3D-CRT
(2009) [79]
Perry et al.
40.05Gy/15f  42.86 51.44 No 22.10%  1.10% 7.6 39 \ 3D-CRT
(2017) [80]
Malmstrome Multiple
etal. (2012) 60Gy/30f 60.00 72.00 No 17.00% \ 6.0 \ 1 fatal infection field
[21] technique
Severe late grade
Stupp et al. o
60Gy/30f 60.00 72.00 Yes 60.30% \ 12.6 \ 3/4 toxicities in 3 3D-CRT
(2009) [79] .
patients
Higher rates of
grade 3-4
Perry et al.
40.05Gy/15f  42.86 51.44 Yes 37.70% 15.70% 9.3 5.3 hematologic 3D-CRT
(2017) [80]

toxicities than no

chemo
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Table 2.6 The survival rates and toxicities for newly diagnosed GBM when performing

dose-escalated RT.

Study Presg(l)r;]e)tion EQD: BEDiw Chemo 1yr OS lll);g MS MPFS Toxicities Tech.
Thilmann
etal. 75Gy/30f 78.13 93.75 No \ \ \ \ \
(2001) [81]
Sultanerm 5o nof;  65.00:6  78.00; No late toxicities
etal. No 40.00 \ 9.5 5.2
(2003) [82] 65Gy/25f 8.25 81.90 observed
3 patients with
grade 3-4
Floyd et al. toxicities
2004) [83] 50Gy/10 f 62.50 75.00 No \ \ 7.0 6.0 (radionecrosis
requiring
resection)
8 patients with
acute grade 3
Monjazeb ~ 70,75and  72.92;  87.50; Z’C"Jf:“’ri dle 1"“21‘
et al. 80 Gy at 78.13; 93.75; No 57.10%  14.30% 13.6 6.5 . g o
(2012) [84] 2.5Gy 8333 100.00 patients with late
’ ' ' grade 3 toxicities,
none with grade
4-5
Chan et al.
(2003) [85] 70Gy/33f 70.71 84.85 No \ \ \ \ \
T
al. (2003)  70Gy/28f 7292  87.50 Yes \ \ 7 5.4 ped &
(86] gadlatlpr}
ermatitis
Tuchi et al. o o No > grade 3
(2014) [87] 63Gy/8f 104.83 125.80 Yes 70.00%  43.50%  24.0 14.0 toxicities noted
Nakamats e SIB-
weral.  70Gy28f 7292 8750  Yes  7500% 2500% 165 8 _Noradiation- VR
(2008) [88] induced necrosis
10% patients had
Cho et al. o o grade 1
2009) [89] 60Gy/25f 62.00 74.40 Yes 64.00%  42.00% 14.8 11.0 neurological
toxicities
1 patient had
grade 3 or 4
fzao"o";)e[’;:]’]' 60Gy/20f  65.00  78.00  Yes  57.00% 37.50% 14.4 77 toxicities of
nausea and emesis
were reported
No patient of
Reddy et .
al. 2011)  60Gy/lOf  80.00  96.00 Yes \ \ 16.6 \ gradﬁ 3 or hl‘gh.er
[91] nonhematologic
toxicity
3 patients with
radionecrosis; 1
Chen et al. 60Gy/10f-  80.00;6  96.00; L
' ' Yes \ \ 16.2 \ lost vision in left
(2011) [92] 20f 5.00 78.00 eye 7 months after
RT
3/14 patients on
60. 62.5 62.00; 74.40; 70 Gy/25 fraction
Massacessi ’65 = 65.10; 78.13; dose level had a
et al. 675 aI’ld 70 68.25; 81.90; Yes 77.50%  43.60% 17.0 12.0 dose-limiting
(2012) [93] G 5f 71.44; 85.73; toxicity; No >
y 74.67 89.60 grade 2 neurologic
toxicities
Grade 3-4
Nev et al nonhematologic
¥ . 60 Gy/10f 80.00 96.00 Yes 73.30%  73.30% 163 14.3 toxicities of

(2015) [94]

fatigue, wound
dehiscence,

52



stroke, pulmonary
and embolism

No patients

Gilles 70Gy/28f; 72.92; 87.50; showed
Truc et al. 75Gy/30f; 78.13; 93.75; Yes 66.70% \ 224 \ doselimitin
(2016) [95] 80Gy/32f 83.33 100.00 miting
toxicity
Shenouda Grade 5
etal. 60 Gy/20f 65.00 78.00 Yes 76.00% 53% 223 13.7 pancytopenia in 1 SIB-
(2016) [96] patient IMRT
3 patients with
grade 3
Scoccianti myelotoxicity, 1
etal. 67.5 Gy/15¢ 81.56 97.88 Yes 66.70%  41.20% 152 8.6 patient with
(2017) [97] radionecrosis
requiring
resection
1 patient of
Mallick et radionecrosis; 4
al. (2018) 60 Gy/20f 65.00 78.00 Yes 73.90%  63.70%  25.18 13.5 patients of grade
[98] 3-4
thrombocytopenia
Jastaniyah ~ 54.4Gy/20f Grade 3-4 IMRT
. 57.66; 69.20; hematologic (helical
etal. ; Yes 68% 38% 15.67 6.7 L
2013) [99] 63.64 76.36 tox1014ty in2 tomother
60Gy/22f patients apy)
Dose-limiting
toxicity defined as
Aaoulay et 25.30.35. 300 g oo e neunologic 3
al. (2020) and o en Yes 60.50% \ 14.8 8.2 L SRT
[100] 40Gy/st 49.58; 59.50; 5 toxwltyZ 1o
60.00 72.00 adverse radiation
related grade 3-5
toxicities occurred
Cardinale 3 acute grade 4
etal. 50Gy/25f+ 75.00; 90.00; Yes \ \ 16.6 \ toxicities 3DCRT+
(2006) 20-28Gy/4f 89.67 107.60 ’ SRT
secondary to RT
[101]
Omuro, et 50% patients have
al. (2014) 36Gy/6f 48.00 57.60 Yes 92.50% 28% 19.0 6.5 hematologic SRT
[102] toxicities

In Tables 2.5 and 2.6, the majority of studies have the median follow-up time longer than

1 year. In Table 2.5, 1282 patients across 6 studies were performed by treatment with

standard dose levels, i.e., 60Gy in 30 fractions for patients younger than 70 years old and

KPS > 70, or 40.5Gy in 15 fractions for patients older than 70 years old and KPS < 70.

Of these, 4 studies were treated without chemotherapy. Their median 1-year overall

survival (OS) are in the range of 8.50% to 51.40%. Median OS months are in the range

of 5.1 to 11.8 months. The remaining 2 studies were treated with chemotherapy of TMZ

and their median OS are in the range of 37.70% to 60.30%. Median OS months are in the
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range of 9.3 to 12.6 months. In Table 2.6, five studies include 97 patients focusing on
dose escalation RT without chemotherapy. Their EQDz are in the range of 62.50Gy to
78.13Gy. One-year OS are in the range of 40.00% to 57.10% and the median OS are in
the range of 7.0 to 13.6 months. 610 patients across 18 studies were treated with dose
escalation RT plus chemotherapy. Their EQD: are in the range of 62.00Gy to 81.56Gy.
One-year OS rates are in the range of 56.00% to 92.50% and the median OS rates are in
the range of 12.4 to 24.0 months. Figures 2.4(a) and 2.4(b) show the one-year overall
survival and median overall survival months of studies listed in Tables 2.5 and 2.6, using

standard RT and dose escalated RT.
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(a) One-year overall survival (OS) rates with standard-dose and dose-escatelated RT.
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(b) Median OS months with standard-dose and dose-escatelated RT.

Figure 2.4 One-year OS rates and median OS months in studies with standard-dose and

dose-escatelated RT.

Progression-free survival (PFS), in addition to overall survival, is another metric used to
assess clinical studies. However, there are only 3 standard RT research provided 1-year
PFS (shown in Table 2.5). Perry et al. evaluated the 1-year PFS for patients treated by
standard RT without and with chemotherapy. For patients treated without chemotherapy,
the result was only 1.1% of 1-year PFS. The median PFS was 3.9 months. For patients
treated with chemotherapy, 1-year PFS and median PFS are 15.7% and 5.3 months,
respectively. In Table 2.6, patients in the first 5 studies (rows 1-5) treated without
chemotherapy have 1-year PFS of 14.3% and median PFS ranging from 5.2 to 6.5 months.
The rest of studies in Table 2.6 are treated using dose-escalated RT with chemotherapy.

The 1-year PFS is from 28% to 73.3% and the median PFS is from 6.5 to 14.3 months.
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(b) Median PFS months of standard-dose and dose-escatelated RT.
Figure 2.5 One-year PFS rates and median PFS months in studies of standard-dose and

dose-escatelated RT.



Figures 2.5(a) and 2.5(b) show the one-year progression-free survival (PFS) rates and
median PFS months in patients of studies listed in Tables 2.5 and 2.6, using standard RT

and dose escalated RT.

Cardinale et al. started the first modern multi-institutional prospective study examining
the potential benefit of dose-escalated RT specifically for GBM patients, which were
originally registered as the phase 2 Radiation Therapy Oncology Group 0023 trial [101].
After resection, 76 patients initially received conventionally fractionated RT of 50 Gy/25
fractions followed by a stereotactic boost of 20 to 28Gy/4 fractions, the total doses
ranging from 70 to 78Gy followed by chemotherapy of adjuvant carmustine. Median OS
was 16.6 months. Notably, the dose-escalated RT was well tolerated, with roughly 4%
and 1% of patients experiencing acute and late grade 3 or greater RT-related toxicities,
respectively. After this study, a number of prospective phase 1 and 2 trials were conducted.
Given advancements in both diagnostic imaging as well as the conformality of RT
delivery methods, there has been growing interest in the use of dose-escalated RT to
improve outcomes over standard of care management. After a systematic review of these
studies, significant PFS and OS increases have been achieved in dose-escalated RT

compared to standard RT with or without chemotherapy.

It is worth noting that, in Table 2.6, the majority dose-escalated RT used the technique of
simultaneously integrated boost (SIB) IMRT. The boosted doses were delivered to the
high-risk areas within the tumor target. Most of the studies in Table 2.6 defined the high-
risk areas as GTV plus Smm margin. Such definition of high-risk areas has been
commonly used clinically. With the development of the radiography, some studies

employed the quantitative imaging, such as positron emission topography (PET) to define
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the high-risk areas, as are shown in Table 2.7. Douglas et al. developed a functional
imaging-based dose-escalated RT for 40 GBM patients using PET [103]. They delivered
79.4Gy to the PET abnormal areas. There were no incidences of grade 3 or greater
toxicities. The median OS was 70 weeks. Piroth et al. conducted a study of 22 patients
with GBM using PET-FET (fluoroethyl-L-tyrosine) to escalate dose to 72Gy/30 fractions
to residual disease defined by FET-avidity. The median OS was 14.8 months without
incidences of grade 3 or greater toxicities and no incidences of radionecrosis existed [104].
Tsien et al. alternatively used pretreatment MRI-PET to identify potential areas of failure,
with dose-escalated RT cumulative doses of 66 to 81 Gy [105]. No patients received less
than 75Gy experienced radionecrosis, with approximately 20% to 40% of patients
experiencing dose-limiting toxicities at dose escalation RT cumulative doses of 75 Gy or
greater. In 2013, Ken et al. proposed a design of Phase III trial using magnetic resonance
spectrum imaging (MRSI) to define the high-risk areas [106]. In their study, dose-boosted
area was defined as MRSI abnormalities plus 10mm with 72Gy in 30 fractions. Laprie et
al. conducted the Phase III clinical trial across multicenter based on Ken et al.’s design,
and found that dose increases were well tolerated and grade 1-2 neurological deficit were
observed in the patients’ cohort. After a median follow-up of 43.7 months, OS and PFS

were 22.2 months and 7.8 months, respectively [107].

Kosztyla et al.[108] used the thresholds of '*F-DOPA uptake to define 7 high-risk areas.
Each of them was delivered with 62.5,65, 67.5, 70, 72.5, 75, and 77.5Gy in 30 fractions.
The dosimetry analysis proved that dose escalation with 'F-DOPA PET-defined high-
risk area was feasible using commercially available TPS without increasing the dose
delivered to cranial OARs. This technique would offer better disease control than

conventional radiotherapy for high-grade gliomas.
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Table 2.7 The overview of using quantitative imaging for dose-escalated RT for newly

diagnosed GBM.
Dose to
High-risk Dose to 1yr
Study PTV high-risk 1yr OS MS MPFS Toxicities
target PTV PFS
area
Douglas et .
. 5005) PET- GTV+15mm; 104G 59.4Gy; 0% 18% 162 ss All toxicities were
al. . . .
directed GTV+20- Y 50.4Gy ° ’ grade 2 or less.
[103] 30mm
Piroth et PET No grade 3-4 toxicities
al. (2012) di : MRI-directed ~ 72Gy/30f  60Gy/30f  63.6% 25.4% 14.8 7.8 and no incidences of
irecte
[104] radionecrosis.
Late CNS > grade 2
toxicity at 78 Gy (2/7
patients) and 81 Gy
(1/9 patients); 0/22
Tsien et al. MRI-PET
. - receiving <75 Gy
(2012) abnormaliti GTV+20mm 60Gy/30f  73.7% 33.8% 20.1 9.0 ]
81Gy/30f experienced
[105] es + 5mm
radionecrosis. Dose-
limiting toxicities: 2/9
at 75 Gy, 3/7 at 78 Gy,
and 2/9 at 81 Gy.
62.5,65,
Contrast-
Thresholds 67.5,70,
Kosztyla et enhancing
of 18F- 72.5,75,
al. (2018) tumor on T1 60Gy/30f \ \ \ \ \
FDOPA and
[108] weighted
uptake 77.5Gy/3
MRI+ 25mm
of
GTV2(Cho
GTV1
Laprieet  /NAA>2 on )
(contrast Grade 1-2 neurological
al. (2019) MRS) 72Gy/30f  60Gy/30f \ \ 222 7.8
enhancement) deficit
[107] +7mm+GT
+20mm
VI+3mm

2.2.3 Diffusion-weighted MRI

As described in the end of Section 2.2.2, there are researchers starting using quantitative

imaging to implement dose-escalated RT in recent years. Medical imaging is crucial for

outcome management and treatment planning to ensure that patients after RT receive

satisfying treatment [109]. The size and location of tumors can be assessed using

59



conventional anatomical imaging techniques, such as CT and MRI. However,
conventional anatomical imaging techniques only offer a limited amount of information
about the macro- and micro-environments of tumors, particularly when it comes to
biological functions, such as metabolism, cell proliferation, perfusion, hypoxia, etc. Such
tissue function and biological condition can be accessed by utilising biomarkers
embedded in quantitative imaging. The severity of the disease can be evaluated accurately
and target volumes can be more precisely depicted via quantitative imaging in treatment
planning [110]. Moreover, quantitative imaging can be used for monitoring treatment
effects and selecting treatment regimens [ 111]. Last but not the least, quantitative imaging
can be used for dose optimization and dose mapping. According to the quantitative
parameter maps, the prescription dose can be spatially re-assigned throughout the tumor
volume [109],[112]. As aresult, there has recently been an increase in interest in obtaining
radiologic biomarkers using quantitative imaging [113]. For instance, critical-tissue and

neural-nerve functions are protected during RT using quantitative imaging [113].

The most common approaches of quantitative imaging in radiotherapy are diffusion-
weighted magnetic resonance imaging (DW-MRI), MR-Spectroscopic (MRS), Perfusion
MRI including dynamic susceptibility contrast (DSC) and dynamic contrast enhanced
(DCE), diffusion tensor imaging (DTI) MRI and positron emission tomography (PET)-
CT. Among them, DW-MRI allows us to assess in vivo cell density of organs and tissues
inside the body [127],[128]. Since tumor cell density is regarded as a significant
component that affects the treatment outcome [129-131], DW-MRI is chosen as the
quantitative imaging in this thesis. The cellular density, growth rate and permeability can
be measured with great accuracy using DW-MRI [114], [115]. DW-MRI can also present

microscopic features of healthy and abnormal tissues. The number of diffusion weights,
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i.e., b-value, models the sensitised signal [116], [117]. The apparent diffusion coefficients
(ADC) indicate how much diffusion is present in the tissue, mostly in the extracellular

space [118].

DW-MRI provides image contrast through the measurement of water molecules
movement within tissues [119]. It is based on the principle of diffusion, which is the
random movement of molecules. In DW-MRI, the movement of water molecules is
probed and measured to generate images that reflect the underlying tissue properties. The
utilization of diffusion sensitizing gradients in the MR pulse sequence enables the
detection of water molecule displacement within a range of 1-20 um [119]. In order to
associate MR signals with motion, there are two magnetic field gradients incorporated in
the pulse sequence [119]. The first gradient pulse modifies the phase shift of each proton,
which is determined by the spatial position of water molecules relative to the gradient. If
the water molecules do not move during the time between the first and second gradient
pulses, the second gradient pulse (with the same strength but opposite direction to the first
gradient pulse) will reverse this phase shift. However, if water molecules move between
the two gradient pulses, the phase shift will not be entirely reversed, resulting in the loss
of signal from that spatial position. Le Bihan ef al. proposed using the “b factor” to
represent all the gradient terms [120]. The sensitivity of diffusion in a DW-MRI sequence
characterised by its b-value, can be modified by adjusting the gradient pulse amplitude,
the duration for which the gradients are applied, and the diffusion time [119]. In DW-
MRI, the higher the b factor, the more sensitive an image is to the diffusion. A diffusion-
weighted image can be affected by other MR properties, e.g., T1 and T2 relaxivity

contrast. To remove all effects other than that of diffusion, ADC is used, which can be
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estimated with the monoexponential model by acquiring MR signals at least twice,

typically with (S») and without (So) diffusion weighting
ADC(x,y,2) = ~In (). (2.20)
b Sp

An ADC map can be also created following this way by combining two images with two
b-values. More images at various b-values can provide a more accurate estimation.
Beyond simple ADC calculations, DW-MRI can reflect microvascular perfusion [121],
[122]. Le Bihan et al. [121] proposed the intravoxel incoherent motion (IVIM) model to
separate the diffusion of water molecules to microcapillary perfusion of tissues as low b-
values are sensitive to perfusion. Therefore, perfusion-related parameters, such as
perfusion fraction and pseudo-diffusion coefficients associated with microcapillary blood

flow, can be estimated.

Lower ADC readings imply a slower rate of water infusion if malignant tumors are
present and vice versa [123]. As a result, there is an inverse relation between ADC and
cellular density. Several studies explored the relationship between ADC and cellular
density for different tumor locations. Gupta et al. predicted the relationship for GBM
[124]. Koh and Collins introduced DW-MRI in cancer in their article [125], while Tsien
et al. and Leibfarth et al. provided reviews of DW-MRI application for radiotherapy [126],
[127]. Gurney et al. advised readers to adhere to rules, such as those provided by the

Quantitative Imaging Biomarkers Alliance (QIBA), when applying DW-MRI [109].

Both Hamstra et al. [128] and Moffat et al. [129] offered information that was used for

tailoring radiation to the specific needs of individual patients. Patients whose ADC values
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drastically increased after three weeks of radiation often have a greater overall survival
(OS) [128], [129]. The tumor control probability (TCP) may be determined with the use
of ADC, which can then be utilized to analyze patient-specific features. MRI-driven
cellular density was shown in the recent research to be able to augment TCP value
differences in patients [130]. DW-MRI was examined by Buizza et al. for the purpose of
modelling TCP in skull-base chordomas [131]. The aforementioned techniques make it
possible to provide individualized treatments with dose optimization. However, to the
best of my knowledge, we are the first study using DW-MRI for the treatment of newly
diagnosed GBM. Compared to the PET-CT and MRS imaging, DW-MRI allows us to
assess in vivo information of heterogeneous cell density for tumors [132], [133]. Since
tumor cell density is regarded as a significant component that affects the treatment
outcome [134]-[136]. I choose to use DW-MRI as the functional imaging in this thesis,

as will be discussed in Chapters 4 and 5.

2.2.4 Dose Painting

In comparison to surgery or chemotherapy alone, RT technology is still a standard
treatment for malignant tumors and has advanced quickly over the past few decades.
Modern imaging techniques such as CT and MRI have significantly contributed to the
advancement of radiotherapy in recent decades. Conventional GBM tumor targets such
as gross tumor volume (GTV) and clinical target volume (CTV) were defined in Radiation
Therapy Oncology Group (RTOG) [137] or European Organization for Research and
Treatment of Cancer (EORTC) [138] protocols. As a standard practice in radiotherapy,
homogeneous radiation doses are delivered to the target area. However, local recurrence

after RT is one of the important modes of failure according to Table 2.4. The main reason
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would be that the tumor’s planning target volume (PTV) is given a homogeneous
prescribed dose without taking into account the tumor’s heterogeneity in terms of micro-
biology, time and space. To solve this problem, dose painting was first suggested at
European Society Radiation Oncology (ESTRO) conference in 1998 [139]. Ling et al.
used biological imaging in the 2000s to accomplish “biological conformality”, where
higher doses are administered to specific sections of a tumor that have higher progression
risk and radiation resistance, while lower doses are applied to less aggressive regions
[139]. Tumor cells can be eliminated in this manner, and healthy tissues can
be recovered more quickly [140], [141]. Recently, a number of quantitative imaging
optimizations have been proposed to increase the accuracy of dose painting since many
factors, such as hypoxic area, cell proliferation rate, tumor cell density and intratumor
blood perfusion, affect the sensitivity of radiotherapy in the tumor [113], [121].
Quantitative images have the potential to strengthen prognostication response to RT,
facilitating personalized treatment and clinical trial designs in terms of patient-specific
prescription dose and biological target volume (BTV) [142], [143]. Furthermore,
heterogeneous dose painting using quantitative functional imaging allows for the spatial

redistribution of doses within the target tumor via personalized parameter maps [109].

Considering the biological heterogeneity in tumors, performing supplemental irradiation
for the volumes that are comparatively resistant to treatment, it is possible to enhance
local control. Given the discussions in Section 2.2.3, the creation of dose painting can be
facilitated by modern biological imaging techniques, such as PET-CT and multi-
parameter MRI [144]. This new radiation technique can provide an optimised non-
uniform dose distribution for the treatment of tumors [144]. With respect to three-

dimensional (3D) radiobiological analysis, dose painting can also be used to investigate
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relationships among important radiotherapy parameters, the inherent ability to identify
the relevant target volume, and the therapeutic dose to control the disease. As shown in
Table 2.7, at present, quantitative imaging-based dose painting is mostly implemented

through PET-CT or MRS imaging technologies.

Recently, dose escalation and dose redistribution have been proposed as a way to provide
a more resistant portion of the tumor with a relatively higher dose. There are two primary
methods of dose painting: 1) dose painting by contours (DPBC) and 2) dose painting by
numbers (DPBN). In DPBC, a tumor’s sub-volumes are heterogeneous in the functional
images needed to be treated in a differentiated dose level [145]. As for DPBN, each voxel
of a tumor receives a prescribed dose in DPBN based on the voxel value in functional
images. A dosage-prescription map often depicts such voxel-based dose distributions

[145].

The first DPBC approach was proposed by Ling ef al. in 2005 [146]. A subvolume of the
tumor receives a dose boost by a predetermined threshold owing to DPBC techniques.
The threshold from the quantitative functional imaging is used to fix the regions with
comparatively lower and higher risk for recurrence. When converting an image into a
prescription function for dose painting, there exist uncertainties related to imaging
modalities [147], [148]. Some major uncertainties, e.g., tumor deformable image

registration (DIR) has been investigated by Chen et al. [149].

The simultaneous integrated boost (SIB) technique [106], which increases the dose at a
subvolume of the tumor, is a popular treatment planning method for DPBC. Better dose

tolerance is expected for patients who receive this treatment compared with increasing
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the dose to the whole tumor target [150]. There are several clinical studies explored DPBC
[151]. PET-based DPBC was used to assess the feasibility of intensity-modulated
radiotherapy (IMRT), where the maximum tolerated dose in head and neck cancer can be
determined [152]. Treatments for non-small-cell lung cancer (NSCLC) are also being
investigated for the similar purpose of raising acceptable doses [153]. Fleckenstein et al.
proposed a source- to-background contouring algorithm for FDG-PET in the process of
RT planning [153]. Kong et al. showed that modifying RT by increasing dose via DPBC
to the FDG avid region increases the 2-year local-regional tumor control and the overall

survival rate [154].

Dose painting by numbers refers to prescribing doses in a voxel-by-voxel manner [142].
The local voxel intensities are used to alter the DPBN technique, which gradually
increases the additional dose. The relationship between the voxel values of the functional
imaging and the risk of local recurrence is normally characterized using mathematical
models [155]. Chen et al. [149] analysed how the uncertainties in quantitative FDG-PET
CT imaging impact intratumorally dose-response quantification, including those caused
by PVE and tumor DIR [149]. By using DPBN approaches, some of these uncertainty-

detrimental effects might be minimised [149].

Many technical feasibility and robustness of DPBN studies have been published recently
[156]-[158]. Dose prescription with steep gradients can be delivered by numerous
subvolumes via a conventional linear accelerator [159]. Additionally, Berwouts et al.
demonstrated the feasibility of ['*F]-FDG-PET-guided DPBN in a phase I clinical trial
for head and neck RT [160]. Gronlund et al. investigated the spatial relation between

retrospectively observed recurrence volumes and pre-treatment standardized uptake
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values (SUV) from FDG-PET [155]. SUV driven dose—response functions have been
presented to optimize ideal dose redistributions under the constraint of equal average dose
of a tumor volume [155]. DPBN approaches using subvolumes as targets [155], [161],
[162] or dose maps with prescription to the voxel as objective function [163], belong to
dose-volume based optimization algorithms. Jiménez-Ortega et al. presented a new
optimization algorithm to implement directly constraints to voxels instead of volumes
[145]. This method is implemented in CARMEN, a Monte Carlo (MC) treatment planning

system [145].

DPBC mainly refers to the specific function image parameters to set the threshold for the
replenishment area. Generally, biomarkers in the high-risk area for recurrence have larger
values over the defined threshold, while low-risk recurrence area corresponds to
biomarkers having smaller values than the threshold. Advantages of DPBC are that sub-
volumes that need to boost dose can be pre-drawn before the treatment plan. Then the
sub-volumes can be set to add margins to supplement the geometric uncertainty, and the
treatment plan can also be evaluated by conventional DVH. DPBC usually lacks the
consensus of the threshold for biomarkers. DPBN assumes that the recurrence risk of a
certain pixel in the tumor area is positively correlated with the parameter intensity of its
specific function image pixel, and the radiation dose of a certain pixel is directly related
to its corresponding functional image pixel information. DPBN has more theoretical
advantages than DPBC because it can deliver doses to voxel level. However, it cannot
extend the margin of specific voxels and is more sensitive to uncertainty arising in image
registration. Therefore, online image-guided treatment is required to clearly show soft

tissues. Furthermore, DPBN requires a customized software package to optimize the

67



irradiation plan, but there is no commercial software directly implementing the

optimization of DPBN [164], [165].

2.3 Preliminaries of Proton Therapy Treatment

Photons are electrically neutral and interact with matter in a random way, and do not lose
energy when they pass through matter; instead, they travel until they are absorbed or
dispersed (i.e., changing direction of travel, with or without loss of energy). As a result,
photons do not have a finite penetration depth [1]. When a proton travels through matter,
it loses energy largely through ionising and activating the medium’s atoms. As shown in
Table 2.7, protons interact with matter in three distinct ways. Firstly, protons can slow
down by myriad collisions with atomic electrons, called stopping interaction. Secondly,
protons are deflected by myriad collisions with atomic nuclei, called scattering interaction.
Lastly, protons sometimes have a head-on collision with a nucleus, setting secondary

particles in motion, called nuclear interactions [1] [2].

In a single collision with an atomic electron, a heavy charged particle can only transmit a
small proportion of its energy, and the deflection is insignificant. As a result, a proton
travels practically straight through matter, losing energy in tiny amounts continually. The
mass and energy of protons are higher versus photons, therefore proton has less side
scatter. After entering human tissue, the proton beam will produce a sharply rising dose
at a specific depth, called the Bragg Peak [1]. Before the formation of the Bragg peak,
there exists a lower dose flat section. After the Bragg peak, protons react and stop moving

so that the energy drops to zero. Due to the finite propagation of protons in tissues, proton
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therapy can deliver a much less dose to the healthy tissues around the tumor [166].
Adjusting the energy of the proton beam and superposing the different proton beams can
extend the width of the Bragg peak over the dose distribution, which can exactly match
the width of the tumor in the direction of the beam with the high dose area [167],

guaranteeing the dose beyond the tumor on the direction of the beam is almost zero.

Table 2.8 Proton interactions with matter [1], [2].

Interaction

Interaction type Interaction target . Effect
mechanism
Protons slow down by Energy loss
myriad collisions with indicates the
Stopping Atomic electrons atomic electrons via depth where
inelastic coulombic protons come to
interactions rest

Protons are deflected
by myriad collisions  Determine lateral

Scattering Atomic nuclei with atomic nuclei via penumbral
elastic coulomb sharpness
scattering

Protons have a head-

on collision with a Generation of

. . . . nucleus via non-elastic  neutrons, prompt
Nuclear interactions Atomic nuclei . . » promp
nuclear interaction, gammas for in

setting secondary vivo interrogation

particles in motion

Proton radiation therapy uses a proton beam from a synchrocyclotron/cyclotron to pass
through the body to the tumor tissue [168]. It releases a large amount of energy and kills
the tumor cells for therapeutic purposes. The use of proton beams for radiation therapy
leads to a better dose distribution, which can effectively increase the cancer tissue dose

and reduce the normal tissue dose as much as possible [169]. Compared to photon and
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electron radiotherapy, the advantages of proton radiotherapy are mainly reflected on the

unique physical properties of protons, including the shape and finite range of the depth-

dose distribution [1].

Figure 2.6 compares the variation of percentage depth dose curve (PDD) for both X-ray

and Proton therapy beams [170], which demonstrates that the dose can be primarily

delivered to the tumor. This results in the tumor cells being destroyed with only minimal

effect on healthy organs nearby. Compared to other existing and developing radiotherapy

approaches, proton therapy has been clinically proven to achieve fewer side effects for

brain and pediatric tumors particularly. The advantages of proton therapy in the clinical

application are as follows:

The doses to the normal organs and tissues behind and around the tumor are
almost zero, which greatly simplifies the angle design of the intensity modulated
proton therapy plan.

The normal organs and tissues in front of the target area at the irradiation direction
receive a reduced irradiation dose, and normal tissues within the PTV receive
similar doses to photon treatments. Compared with photon radiotherapy, proton
radiotherapy can increase the dose of the target area while selecting more
irradiation angles.

When using intensity-modulated proton therapy technology, the dose is more
evenly distributed in complex shape target regions. This also ensures that the
normal organs and tissues around the tumor are subjected to a smaller dose.

The number of irradiation fields required for protons are much less than those for

photons or electrons, usually the proton RT has 3-5 radiation fields, smaller than
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the 5-9 radiation fields for photon’s [171]. Smaller number of irradiation fields
can greatly reduce the radiation dosage for surrounding normal organs and tissues
compared to the use of photons and electrons for the intensity modulated radiation

therapy plan.
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Figure 2.6 PDD of X-ray and Proton beams [157].

The application of protons to radiation therapy was proposed in 1946 [172]. The clinical
research of proton radiation therapy was carried out successively at UpPsala University
(1957), Harvard Cyclotron Laboratory (1961), and the former Soviet Union Gachina
Institute (1968-1975). In 1991, the first particle acceleration device for medical treatment
was manufactured in Loma Linda, California, USA. This device is suitable for tumor
irradiation in different parts with reduced volume and cost. It is symbolic that proton

radiotherapy has entered the field of clinical medicine. In recent years, proton
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radiotherapy has been rapidly applied all over the world. According to the latest report of
the International Particle Therapy Co-Operative Group (PTCOG) [173], there are already
111 proton centers currently working on proton therapy, including 4 NHS and 2 private
proton centers in UK. There are additional over 100 proton centers under construction
and in planning stage [173]. In particular, University College London Hospital (UCLH)
is one of the largest proton centers in the UK which has been clinically used. Therefore,
advanced proton RT technologies and treatment planning techniques are urgently needed.
Due to proton therapy delivering radiation with pinpoint accuracy, with little or no dose
to tissues beyond the tumor, fewer side effects are led to patients. In certain cases, proton
RT leads to less chance of recurrence thanks to the opportunity to deliver higher tumor
doses. Even though the proton center cost $20 million to $150 million for single- and
multi-room facilities [174], proton RT is still a promising advanced technique for cancer

treatment.

Many studies have explored the effectiveness and safety of proton therapy for tumors of
head and neck cancer, brain cancer, lung cancer, esophageal cancer and liver cancer [5],
[55], [58]-[60]. Clinical studies of multiple contrast photons and proton therapy for
tumors are in progress. The results of these studies will rationally promote proton heavy
ion radiotherapy, leading to a better understanding of the characteristics and advantages

of protons therapy.

As mentioned above, since there is little exit dosage beyond the proton Bragg peak, proton
can provide reduced integral doses to patients. If the tumor is projected under the Bragg
peak, there will be little dose deposited beyond the tumor and delivered to surrounding

OARs and healthy tissues. However, a spotless Bragg peak cannot be employed in the
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clinical cancer treatment because it is too narrow to the usual size of tumor. Therefore, to
evenly irradiate the tumor target, different energies of proton beams are combined to
generate a spread-out Bragg peak (SOBP) [167], as shown in Figure 2.7. Even through
the energy from a cyclotron is fixed, with the range modulator wheel, different energies

are generated.
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Figure 2.7 An illustration of spread-out Bragg peak (SOBP) [156].

There are two mechanisms, scattering system and pencil beam scanning system, in the
proton synchrotrons/cyclotrons gantries to create a SOBP with the required beam width
and shape to match the tumor volume. Figure 2.8 shows a schematic of these two proton
delivery technologies. Scattering system is also called as double scattering system or
passive scattering system. In a scattering system, firstly, the beam is spread out at the
depth direction by a series of pristine Bragg peaks at different energies. Then, the beam
is spread at the lateral direction by scattering foils. Now there exists the board beam which
covers the tumor at 3 dimensions but does not conform the shape of the tumor. Finally,
the collimator and the compensator are manufactured per patient per beam to shield the

redundant beams and to suit the tumor shape. Scattering system is a relatively
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conventional radiotherapy. What clinical treatment usually used is pencil beam scanning
system. Rather than spreading out the beam in energy and geometrically, a pristine proton
beam is steered by two pairs of scanning magnets to scan the tumor shape at the certain
depth of layer. Different depth of layers is scanned using different energies till the entire
tumor has been scanned across in any sort of position and combination of intensities.
Proton radiotherapy typically utilizes protons with energies ranging from 70 MeV to 250
MeV. In our patients cohort, the energies used for each field are around 90-184 MeV.

Energy Lateral
spreading spreading

Compensator Collimator
(a)

Energy
selection

Steering
magnets

(b)
Figure 2.8 A schematic of scattering system (a) and pencil beam scanning (PBS)
system (b).

As a pristine proton beam scanning across the tumor, the spot size of a pristine proton
beam is just in the level of millimetres, even though it contains millions of protons. In the
clinical use, these spots’ weights are modulated and arranged to match the size and the
shape of tumor. Figure 2.9 is a patient case in the proton treatment plan system for the
spot weights at a single layer. On the same layer, all of the spots have the same energy.

The greyscale value denotes their relative weighting.
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Figure 2.9 The spot weights at a single layer in proton treatment plan system.

With respect to beam scanning techniques, there exist single field optimization (SFO) and
multi field optimization (MFO). In SFO, the spot positions and weights of each proton

field are optimized individually, therefore, the resultant dose distribution by each field is

uniform in the target volume. In MFO, the spots from all the fields are optimized together,
generating highly conformal dose distributions. Unlike SFO, the dose from individual
MFO fields can be relatively inhomogeneous. MFO is also referred as Intensity

Modulated Proton Therapy (IMPT).

The precision of proton therapy is related to the particle involved in the radiotherapy
process. The actual dose distribution resulting from IMPT is subject to various
uncertainties and often deviates from the planned dose distribution. Studies showed that
there are two main sources of uncertainty: one is the proton range uncertainty associated

with treatment planning dose calculations, the other is the positional uncertainty
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associated with the actual patient treatment [1]. The range uncertainty is caused by errors
in the planning CT data and the proton beam dose calculation model. Experiments have
shown that proton range has a deviation of 3% to 5% [175], [176]. Proton range
uncertainties can also be caused by changes in the patient’s tissue structure (e.g., changes
in the shape of the tumor volume.). Deviations in patient positioning and beam location
during treatment induce positioning uncertainty, resulting in 1 to 3 mm differences
between the anticipated and actual irradiation positions [177]. Since the dose distribution
of IMPT is created by multifield superposition of several proton Bragg peaks, when a
patient moves or proton range deviation exists, the dose distribution in proton
radiotherapy is deformed, different from the distribution in photon radiotherapy. The
conventional planning target volume (PTV) concept is not sufficient for providing
robustness in target coverage in proton therapy because PTV does not consider the range
uncertainty [178]. To address this issue, robust optimization has been put forward. Robust
optimisation approaches take into account the dose distribution in the uncertainty scenario
and optimise a less uncertainty-sensitive exposure scenario. Cubillo-Mesias et al.
suggested using robust MFO to ensure proton plans’ robustness [179]. Therefore, in this
thesis, I use the MFO combined with robust optimization in Chapter 5. In proton treatment
planning system, robustness optimization methods fall into two main categories: the
minimax optimisation and the worst-case scenario optimization. In the minimax
optimization, the treatment planning system (TPS) minimises the maximum objective
function over all scenarios [180]. In the worst-case scenario optimization, each voxel
corresponds to the worst dose value from all the scenario, forming a worst dose
distribution into the optimization objective function for minimization. The worst-case

dose distribution is unphysical, treating every voxel independently, and does not match
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any of the error scenarios. However, the worst-case scenario optimization can serve as a
lower bound for the worst quality of the treatment plan under the evaluate conditions,
thereby being a more conservative approach than the minimax optimization [181], [182]
In Chapter 5, I use the worst-case scenario optimization, which has been widely used in

the Eclipse TPS.

77



Chapter 3

An In-silico Prescription-dose

Optimisation Method

3.1 Introduction

Radiotherapy (RT) has been demonstrated with significantly increased survival and local
control rates for brain tumors [6]. Prescription dosage is one of the main factors that can
influence the radiotherapy-associated outcome, and the required dose level should be
preferably determined clinically. Many researchers have been working on optimizing the
current prescription dose. There have been other works performing the clinical trials to
observe the optimized prescription doses. It usually takes one to eight years for
researchers to track the outcome of patients’ treatment. Many patients usually cannot wait
for the best treatment plan due to such a time-consuming process. Therefore, how to
obtain an appropriate clinical trial design in terms of prescription dose regimens in an
acceptable time period is of high value in clinic radiotherapy. Scott ef al. proposed an
approach to assign personalized prescription doses based on genomic markers of
radiosensitivity [29]. Gene expression-based radiosensitivity index (RSI) and genomic-
adjusted radiation dose (GARD) formalism were used to calculate a personalized RT

prescription dose for each patient. However, this method highly relies on biological
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experiments and requires high-end equipment, usually unavailable for many institutions.
Su et al. calculated the cut-off value of PTV radiotherapy doses by receiver operating
characteristic (ROC) analysis [32], where different PTV radiotherapy doses correspond
to different survival rates. However, the ROC-based dose optimisation is modelled using
a single variable, while the prescription dose optimization is always a multi-variable

problem.

Current standard RT focuses on physical optimisations, that is, prescribing and delivering
doses to the tumor based on target volumes and positions, with an acceptable dose level
exposed to normal tissues using advanced RT techniques, such as IMRT and VMAT.
Physical optimisations do not consider the biological features of the tumour and normal
tissues. In order to further improve the treatment outcomes, biological effects after
irradiation should also be considered. Therefore, biological optimization treatment plans
using radiobiological criteria and models have been put forward [183]. Current biological
optimization mostly focuses on TCP and NTCP models. Since the TCP and NTCP models
contain radiobiological information, they can convert a three-dimensional dose
distribution into a biological-effect distribution [184]. As has been discussed in Chapter
2, if TCP and NTCP curves are far apart, a large therapeutic ratio is observed, which is
beneficial to the treatment. On the other hand, if TCP and NTCP curves are close, this
indicates a small therapeutic ratio, which is unfavourable for a treatment. A proper
treatment plan usually has a high TCP-NTCP difference. Its corresponding dose can be
considered as a satisfied treatment dose. Therefore, use of TCP and NTCP models enables
us to re-optimise the prescription dose in RT. By further investigating the uncertainties
within TCP and NTCP models and individual radiobiological differences (e.g., different

OARSs) among patients, a personalized prescription-dose optimisation method is proposed
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in this chapter. Prescription doses following principles herein are able to protect all the

OARs within their tolerances and with higher therapeutic ratios.

3.2 Preliminaries of Radiotherapy Treatment Plan

Before patients starting radiotherapy treatment, the radiotherapy team will design external
beam radiotherapy plans. According to clinical requirements and many years of clinical
dosimetry practice [17], the included patient’s radiotherapy treatment plan for the tumor

should meet the following three conditions:

e The irradiation field in RT should be aimed at the tumor area, namely the target
area. For patients whose tumor area range is difficult to determine, or after surgery,

radical radiation therapy must be implemented to potential metastatic areas [17].

e Dose levels in the irradiation field should be increased in the treatment area, and
in the area of the tumor to be treated, the dose distribution should be as uniform
as possible. The criterion for dose uniformity is to cover the whole tumor with at

least 95% of the prescribed dose, with a maximum of 107% [17] [185].

e Important organs or tissues around the tumor should be protected by reducing the
dose exposure to them. Radiation received beyond their tolerable dose ranges

should be avoided.

In the analysis and comparison of treatment results, not only tumor doses, but also the
irradiation technique and detailed dose distribution in the treatment are taken into account.

After a treatment plan meets the above dosimetry criteria for the tumor target, isodose
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lines are used to analyse the dose distribution. The area that received 50% prescription
dose is used to measure the radiation to normal tissues. The smaller area is covered by
the isodose line of 50% prescription dose, the better protection for normal tissues can be
provided. The presence of OARs should also be considered when determining the planned
target area and prescribed dose. OARs refer to the important organs that may inevitably
exist in the irradiation field, and their radiosensitivity (tolerable doses) will significantly
affect the design of the treatment plan. The tolerated doses of various organs and tissues,
e.g., TDs/s and TDso/s are summarized by Emami ef al. [37]. The size of OAR volumes in
the irradiation field and the dose level of radiation are directly related to the possible
damage of organs caused by irradiation, that is, the probability of normal tissue
complications (NTCP). In this chapter, treatment plans which have been clinically

delivered to patients followed the aforementioned principles.

To evaluate treatment plans, dose-volume histograms (DVHs) are employed because they
relate the radiation dose to both target and OARs volumes. There are two types of DVHs
commonly used, namely differential and cumulative DVHs. Differential DVHs (dDVHs)
represent the percentage or absolute volume receiving doses in the corresponding dose
bin, whereas the cumulative DVHs (cDVHs) represent the percentage or absolute volume
receiving greater than or equal to the value of the corresponding dose bin. Figure 3.1 (top)
shows the dDVH for the target in brain tumors, an example from the patients’ cohort used
in this chapter, where the blue curve is the frequency distribution within the target. The
dose values are separated into specific number of dose bins. The frequency shown in
Figure 3.1 (top) represents the number of sampling points corresponding to a specific

dose value. The narrower the peak of the dDVH, the more homogenous the dose
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distributions are within the volume of interest. Figure 3.1 (bottom) presents the cDVH for

the same target. The cDVH calculation [186] is characterized as

cDVH(D) = [ dDVH(x)dx = 1 — [’ dDVH(x)dx. 3.1)

Target coverage as well as dose constraints to OARs can be assessed with cDVHs.
Normally, the dose distribution could not be completely homogeneous. dDVHs are
necessary in order to understand how doses distribute in the sub-volumes of a tumor or
an OAR, which can be used to calculate TCP and NTCP values featuring sub-volume

information.

0 40
Dose (Gy)

Volume (%)

10 20 30 40 50
Dose (Gy)

Figure 3.1 Plots of differential and cumulative DVHs.
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3.3 Methods and Materials

3.3.1 Data Input and Augmentation

17 sets of data from patients with brain tumors were enrolled in this chapter, who were
treated with radiotherapy combined with concurrent chemotherapy and adjuvant
radiotherapy, following the standard treatment according to guidelines. Patients were
treated by IMRT in 2018 and were selected after validation of the inclusion criteria. The
dose was normalized to 100% at target mean according to the International Commission
on Radiation Units and Measurements (ICRU) Report No.29 [187] and Report No.50
[188]. The protocol of data use was approved by the institutional ethics committees and
all patients had provided written informed consent. Each enrolled patient’s feature
extraction was performed based on the doses and volumes of the treatment plan. After
that, 17 patients’ dDVHs were used as the input data. [ wrote a Matlab program using
dDVHes files including D; and V; values to calculate TCP and NTCP values, where D; and
V; represent the dose bin and the percentage dose volume. Each patient’s original
prescription dose was extended by multiplying from 0.6 to 1.5 for data augmentation, in

order to provide a thorough analysis of TCP distributions.

33.2 LQ-Poisson TCP wunder Inhomogeneous Dose

Distribution

In radiotherapy, clinical doses that were delivered to the target have differences in each

subvolume with acceptable variations. I first reviewed and evaluated TCP models for
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inhomogeneous dose distribution, with a focus on widely used Poisson and Poisson
linear-quadratic (LQ) TCP models. Poisson TCP only considers the probability of cancer
cells being killed, denoted by a, which represents irreparable radiation damage [189].
Poisson LQ TCP not only includes a, but also considers the repair of the cancer cells after
irradiation, denoted by S [189]. The Poisson LQ model is hence used for TCP
calculations. Since, in clinical, the dose distribution can never be uniform in the target, as
was demonstrated in Figure 3.1, the Poisson LQ model under heterogenous dose

distribution is also derived in this chapter.

In the heterogenous dose distribution, there is an array of dose and volume in dDVHs,
represented as (D;, V;). The data is discretized such that sub-volume V; receiving exactly
D; dose. It is implied that };; V; is the total volume of the tumor. Using the assumption of
independent sub-volumes (V;) in the case of heterogeneous irradiation, the overall
probability of tumor control is the product of the probabilities of killing all clonogens in

each tumor subvolume, expressed as [190]

TCP = [I;TCP(D;, V). (3.2)

As has been mentioned in Chapter 2, if the dose distribution is homogeneous, the Poisson-

LQ TCP model is:

TCP = exp[—Nexp(—(a + pd)D)], (3.3)

where N is the initial number of clonogens, d is the single dose for one fraction, D is the

total dose, a and f are cell radio-sensitivity parameters. Combining Equation 3.3 with
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Equation 3.2 and replacing N with NV; and D to D; [190], Equation 3.4 is deduced with

respect to the discrete dose distribution:

—Ne~(@+Bd)Dyy

TCP = eZiVil (3.4)

Furthermore, d in Equation 3.4 is replaced with %, where 7 is the number of treatment

fractions, then Equation 3.4 can be rewritten as:

_(a+%)Di] .

TCP = eXiVil-Ne (3.5)

This analysis provided a derivation from a uniform dose distribution to a non-uniform

dose distribution, which is suitable for all Poisson-based TCP models.
3.3.3 Parameter Selection

After selecting the input dDVH files, either a normal tissue or a tumor dDVH file needs
to be identified. Then, parameters for TCP/NTCP models that stored in the parameter
databases need to be specified for calculating TCP or NTCP values. For tumors,
parameters are selected by using Leeuwen et al.’s summary [41] as well as other related
work in this field [35], [176]. For normal tissues, after selecting the organ type, the Matlab
program retrieves all available parameters which are stored in the databases for this organ.
The databases include parameters for different complication endpoints. In this chapter, I
employed the Poisson LQ model for TCP and the LKB model for NTCP because they are

most common used in current commercial TPS.

The selection of LQ parameters a, f and a/f is pivotal for a reliable estimate of

radiation response. Leeuwen et al. [41] performed a systematic review of « and f§ values
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used in the LQ TCP model. For brain tumors, Lecuwen et al. [41] and Pedicini ez al. [191]
summarized different sets of a, f and a/f values. The cohort patients used in this
chapter are mainly glioma, a type of malignant tumor and they are treated with
radiotherapy combined with concurrent chemotherapy and adjuvant radiotherapy. The
parameters that related to the aforementioned treatment protocol are selected for the
Poisson LQ TCP model, as are shown in Table 3.1. It is worth noting that the selected
parameters are all from the clinical radiotherapy data, their results are therefore more

reliable rather than ones from in vitro biological experiments'.

Table 3.1 The range of a and f for the Poisson LQ TCP model.

Database a/B |Gyl ax10%[Gy™ 1] B x103[Gy?]

Pedicini ez al. 2014 [191]  8.0[5.0, 10.8] 12.0[10.0, 14.0] 15[13.0, 20.0]

Qi et al. 2006 [192] 10 [5.1,25.1] 6.0[1.0,11.0] 6.0
Qi et al. 2006 [192] 5.8[6.0,17.6] 11.0[1.0,21.0] 19.0
Barazzuol et al. 2010 [193] 3.1 94 30.0

In Table 3.1, the estimated parameters and their uncertainty intervals (95%) are presented.
However, Qi et al. did not report the uncertainty intervals for § [192], and Barazzoul et

al. did not report the uncertainty intervals for a, § and «/f in their analyses [193].

Parameters used for the LKB NTCP model are selected from Emami ef al.’s study [37]

and the guideline from Quantitative Analyses of Normal Tissue Effects in the Clinic

! A 2Gy dose of MV photons is thought to typically halve cell survival. Thus, « (1 +2 f/a) is typically In2/2 or 0.35.
Values calculated from Table 3.1 are around 0.16, lower than the value calculated from in-vitro & and £ values.
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(QUANTEC) [54]. Table 3.2 presents a summary of different parameters values. To
investigate the sensitivity of TCP and NTCP models to different parameter sets, values

listed in Tables 3.1 and 3.2 have been used in this chapter to increase the robustness of

models.
Table 3.2 Parameters used in the LKB NTCP model.
Parameter  Brain stem Lens Optical nerves Chiasma
65.00 [48]. 65.00 [48], 70.00- 65.00 [48], 70.00
D50 18 [48] 72.00 [194], [194], 72.00 [196],
7200 [51] 72.00-75.00 [195]  72.00-75.00 [195]
0.14 [48],
m 0.27 [48] 0.14 [48] 0.14 [48]
0.10 [51]
0.16 [48],
n 0.3 [48] 0.25 [48] 0.25 [48]
0.25 [51]

3.3.4 Calculations of TCP and NTCP

Using the retrieved parameters and the dDVH (D;, V;), TCP and NTCP values using the
Poisson LQ model and the LKB model can be calculated by Equation 3.5 and Equation
2.18 presented in Chapter 2. As was mentioned earlier in Section 3.3.3, model parameters
related to radiobiological heterogeneity have been found in the Poisson LQ TCP and LKB
models. In the TCP model, @ and f values range from 0.01 to 0.21 and from 0.013 to
0.03, respectively. In the NTCP model, there are 27 combinations of parameter sets for
brainstem, 1 set for lens, 3 sets for optical nerves and chiasma, respectively. All sets of

parameters were used for TCP and NTCP calculations with the propagation of their
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uncertainties. The distributions of TCP and NTCP values were then generated by each of
the sampled parameter sets. After that, the polynomial annealing method was used to

produce the curve of TCP and NTCP distributions.

3.3.5 Prescription Dose Optimisation

I now investigate a prescription dose optimisation method based on the above
radiobiological models (i.e., TCP and NTCP) in order to increase the tumor’s therapeutic
ratio. Therapeutic ratio is related to the probability of tumor control and the surrounding
normal tissue complication probability undergoing a certain treatment technique. In this

chapter, therapeutic ratio (Tr) is defined as

Tr = (TCP — NTCP)/(TCP;geq1 — NTCPigeqr) (3.6)

The TCP;geq; and NTCP;g.q; in radiotherapy should be 1 and 0, respectively. Therefore,
in Equation 3.6, TCP;40q; — NTCP;404; €quals 1. Conventionally, a rise of TCP about
10%-20% per 10% increase in dose is expected [35]. A good treatment plan is expected
to increase the radiation dose of the tumor while not cause normal tissue damage.
However, for some tumors the prescription dose cannot be given very high due to the
occurrence of possible serious radiation damage. Therefore, I constructed a prescription
dose optimisation model, in order to accurately determine the prescription dose of the

tumor, so as to achieve tumor control and reduce normal tissue complications.

Since TCP and NTCP curves show the treatment effect with dose changes, in this chapter,
I combined cancer-killing and OAR complication probability as a co-optimization

objective. The aim of this model is to increase the tumor control probability while
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maintaining or reducing the normal tissue complication probability and eventually
maximize the therapeutic ratio. The corresponding metric is defined as the target dose
(TD), i.e., the dose position with the maximal value of the difference between the TCP
and NTCP probability. Since different OARs have their corresponding tolerable radiation
dose, named 7oar, I put it as constraints in the dose optimisation model. Table 3.3 shows
the dose range of various OARSs’ tolerances, according to the Emami et al.’s review [37]
and the guideline from Quantitative Analyses of Normal Tissue Effects in the Clinic
(QUANTEC) [54]. For lens, 6Gy and 10Gy have been used as tolerable doses, indicating
1% and 50% risk of cataract, respectively [33], [42]. The uncertainties of model
parameters and the tolerable radiation doses to the OARs were adopted in the proposed

dose optimization method for a high degree of robustness.

Table 3.3 OARs’ tolerance [33], [42]. Dmax means the maximum dose in the
corresponding OAR; D0.1cc means the dose received by 0.1 cubic centimeters (cc) of the

corresponding OAR; V59 means the volume of the corresponding OAR receiving a dose

of 59Gy.
OARs OARS’ tolerance
Brain stem Dmax <54 Gy, D0.lcc <64Gy, V59 <10cm’
Chiasm Dmax<55Gy
Optical nerves Dmax<54Gy
lens Dmax<10Gy, Dmax<6Gy

To begin with, a single OAR case is considered in the dose optimisation, which can be

characterised in Equation 3.7. The objective of the prescription dose optimisation is to
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maximum therapeutic ratio, i.e., the difference between TCP and NTCP values at a

specific dose level D, defined as P(D), subject to various uncertainties from TCP and

NTCP model parameters and the maximum delivered dose to a specific OAR under dose
DOAR DOAR

level D, expressed as Dypay (D). The principles of RT require that Di5¢ (D) should not

exceed the OAR tolerable dose (Tgagr) in a proper treatment plan.

maximize P (D)= TCP(D)—- NTCP(D)

. DI?]Q)E(D) < TOAR:
subjectto § TCP uncertanities, (3.7)
NTCP uncertanties.

In Equations 3.7 and 3.8, TCP and NTCP uncertainties represent the variations of

parameters (shown in Tables 3.1 and 3.2) used in TCP and NTCP models.

After that, considering most patients’ treatment plans involve several OARs, I further
extend the single-OAR optimisation model (Equation 3.7) to a multi-OARs optimisation
model for the calculation of optimized prescription doses (Dopt) considering multiple
OARS’ constraints. Assume there are N different OARs, maximum delivered doses to
OAR: under the dose level D, DI%’;,I? 'i(D), i € [1, V], can be calculated based on different
OAR tolerances T} . for i €[1, N]. In some cases, even though a DI?I‘;\E'I'(D) is satisfied
by its corresponding OAR tolerance, if this dose is applied in the treatment, the resultant
dose imposed on other OARs may violate their tolerances. Therefore, a multi-OARs
optimisation model shown in Equation 3.8 is presented to produce an optimised

prescription dose Dopt.

maximize P(D) = TCP'(D) — NTCP'(D),i € [1,N];
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- D' (D) < Thag, Vi € [1,N],
subjectto TCP uncertanities, (3.8)
NTCP uncertanties.

The detailed procedure is shown below. For a dose level D, if it allows all Dr?és’i(D) to
fit their tolerance Té ARs [ € [1, V], i.e., the dose delivered to brain stem, eye globes, lens,
optical nerves and chiasma are all within their tolerance, D is considered as a valid value

and recorded. If there are multiple recorded dose levels, one with the max subtraction

between TCP and NTCP is selected as the optimised prescription dose Dopt.

Figure 3.2 shows the TCP and NTCP distributions for a single patient as an example. Dopt
is the optimized prescription dose to satisfy all the OARs’ tolerances, and enables the

maximum difference between TCPs and NTCPs.

3.3.6 Evaluation

Two metrics are defined in this section to evaluate the optimized prescription dose: 1)
OARs tolerance i.e., transferring dDVHs to cDVHs to check whether the radiation dose
of OARs is tolerable; 2) therapeutic ratio increase, i.e., comparing the therapeutic ratio
under new prescription doses to see whether it is larger than one using the original

prescription dose.

The datasets used in my prescription dose prediction model are dDVHs. However,a DVH

used for clinically evaluation will always be the cumulative one, i.e., the cDVH which
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Figure 3.2 TCP and NTCP distributions for one patient. The TCP and OAR’s NTCP
have a range of uncertainties. Solid lines represent the median value of TCPs and each
OAR’s NTCPs, and dashed lines represent their lower and upper bound. Dopt denotes the

optimized prescription dose.

represents the volume of structure receiving greater than or equal to a certain dose. With
a cumulative DVH, it is easy to select the volume for dose limits. Therefore, in order to
evaluate if the treatment plan implemented with the optimized prescription dose satisfied
the OARs tolerance, I need to transfer the differential to cumulative DVH. The dDVH

can be transferred from cDVH using the Equation 3.1.

There are four metrics I selected to evaluate treatment plans according to Table 3.3,
including the max dose of brain stem, the max dose of lenses, the max dose of optical

nerves, the max dose of chiasma. Last but not least, I calculated the therapeutic ratio using
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new prescription doses to see whether it is greater than one using the original prescription

dose under corresponding model parameters.

3.4 Results and Discussions

3.4.1 TCP and NTCP Values

The detailed dataset of patients regarding to tumor type, prescription dose, tumor stage
and therapeutical ratios under initial and optimised prescription doses in this study are
explained in Table 3.4. As mentioned in Section 3.3.1, each patient’s original prescription
dose was extended by multiplying from 0.6 to 1.5 for data augmentation. Thereafter, TCP
and NTCP curves considering radiobiological uncertainties for 17 patients with brain
tumors can be achieved by polynomial annealing, executed in MATLAB. Figure 3.2
shows TCP and NTCP distributions for one patient as an example, where parameter
uncertainties in TCP and NTCP calculations have been demonstrated by multiple curves

in top left and bottom right corners, respectively.

3.4.2 Optimized Prescription Doses

Following the principle of the proposed prescription dose prediction model, we calculated
the optimised prescription dose for all 17 patients, as is shown in Table 3.4. It is
interesting to note that these patients are randomly selected and 7 of them are GBM,
accounting for the largest number of tumor types, which is consistent with the
epidemiological statistical results, shown in Chapter 2. There are 11 of 17 patients whose

optimised dose values are higher than the original ones, shown in bold. The differences
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between optimised and the original dose are within £20%. This makes sense since the
proposed method is based on a predefined prescription dose. The lower and upper bound
in the optimized dose is calculated by considering all the uncertainties in terms of
radiobiogical parameters and OARs’ tolerant doses in the optimization model, as listed
in Table 3.4. The prescription dose considered the strict OAR tolerance for lenses are not
presented, because most of our patients are glioma, one of the most malignant tumor types,

and it is not necessary to comprise the target dose for over-protecting OARs.

Using the radiosensitivity parameters in the Poisson LQ TCP model (i.e., a, B) listed in
Table 3.1 lead to different TCP curves. We used y5, derived from each TCP curve to
analyse how the change of TCP varies with dose increases, as elaborated in Table 3.5.
Combined with parameter uncertainties in the LKB NTCP model (Table 3.2), optimized
doses and the corresponding therapeutic ratios were calculated in Table 3.4, where the
median, upper bound and lower bound of therapeutical ratios under initial and optimised
prescription doses were reported. Table 3.5 also showed the TCP values under the median

optimized doses.

Table 3.4 Optimised prescription doses for 17 brain tumor patients. There are 11 of 17

patients whose optimised dose values are higher than the original ones, shown in bold.

Therapeutical Therapeutical

Initial Optimised ratio (%) ratio (%)
WHO nita Dose (Gy)  under initial under
Patient Tumor type lassificati Dose y optimised
classification Gy) dose dose
Median [range]
62.57
] ) 76.39 [35.74, 85.47[43.18,
1 Oligodendroglioma 3 60.00 [60.47,
83.61] 89.90]
75.56]
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61.95

_ ] 80.75 [44.48, 87.57[50.44,
2 Oligodendroglioma 60.00  [61.35,
86.70] 91.31]
74.40]
61.12
_ ) 63.61 [26.17, 71.84[29.55,
3 Oligodendroglioma 60.00 [60.24,
73.88] 78.88]
64.39]
57.24
77.16 [47.65, 89.17 [60.86,
4 Glioblastoma 56.00 [56.37,
81.57] 92.67]
66.47]
56.63
90.25[73.57, 94.80[79.68,
5 Astrocytoma 59.92 [52.43,
92.46] 96.49]
56.99]
55.02
_ ) 42.68 [12.80, 52.38[15.13,
6 Oligodendroglioma 54.00 [54.51,
55.59] 62.00]
61.13]
52.09
o 52.44 12697, 66.83[36.79,
7 Meningioma 54.00 [50.16,
57.89] 73.01]
52.76]
60.87
72.01 [39.04, 88.52[55.37,
8 Glioblastoma 56.00 [56.78,
77.50] 92.55]
69.06]
64.55
. ) 83.12 [56.86, 85.88 [68.33,
9 Oligodendroglioma 54.00 [60.04,
85.80] 90.14]
70.17]
57.73
_ 83.12 [56.86, 88.57[63.01,
10 Glioblastoma 54.00 [56.11,
85.860] 91.06]
64.15]
52.43
_ ) 25.13[5.52, 40.75[9.61,
11 Oligodendroglioma 54.00 [50.73,
31.50] 50.16]
53.21]
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51.84

62.21[41.42, 77.84[54.53,
12 Malignant fibroma 54.00 [49.12,
66.29] 82.13]
53.58]
56.29
46.72 [12.50, 69.30 [24.04,
13 Glioblastoma 60.00 [53.05,
51.29] 75.50]
59.08]
67.13
Cerebral 63.23[17.31, 89.94 [39.18,
14 60.00  [65.87,
hemangiopericytoma 73.71] 94.34]
74.59]
63.86
. 93.74 [81.03, 96.06 [84.47,
15 Glioblastoma 60.00 [61.16,
94.86] 97.05]
64.88]
58.39
_ 81.52[51.08, 85.85[55.83,
16 Glioblastoma 60.00 [53.35,
84.83] 88.90]
59.41]
73.89
_ 81.13[47.17, 98.87 [80.40,
17 Glioblastoma 60.00 [70.64,
86.83] 99.73]
76.80]
Table 3.5 TCP increases based on different y5, values.
(1)
TCP (%) under the T¢P ( A)).ulfder the
o el . median optimized doses
Patient V50 Ys0 Y50 initial doses with with
(min) (median) (max)
V50 ¥so0 V50 ¥so0 V50 V50
(min) (median) (max) (min) (median) (max)
1 1.97 3.48 3.81 41.67 78.32 85.51 47.27 87.54 92.40
2 1.87 3.36 3.69 5042 84.45 90.02 56.10 91.49 95.24
3 2.10 3.76 4.05  28.02 66.84 76.73  31.82 72.67 81.67
4 1.66 3.18 3.51  59.25 86.99 91.65 62.43 93.39 96.28
5 1.32 2.81 3.08 88.20 97.80 98.84  83.20 96.02 97.67
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6 2.12 3.67 3.99 2297 50.17 61.11 24.62 55.77 66.55
7 1.77 3.28 3.64 4693 71.09 75.27 40.22 68.55 74.05
8 1.79 3.30 3.61 44.26 76.54 81.71 62.15 94.62 98.21
9 1.38 291 3.16 68.33 87.88 88.64 80.06 96.14 99.11
10 1.58 3.10 3.38  64.48 88.53 89.88  72.48 94.07 96.37
11 2.17 3.75 4.07 1577 55.64 68.66 11.87 44.74 60.14
12 1.53 3.06 336 62.54 82.43 85.61 57.05 79.70 83.95
13 2.09 3.65 397  42.64 76.52 80.57 35.82 72.00 78.15
14 2.22 3.79 4.09 21.14 63.61 74.09 43.17 90.71 95.09
15 1.19 2.67 290  83.07 95.61 96.66  88.98 98.35 99.26
16 1.68 3.22 349  60.68 89.53 91.87 57.48 87.23 90.19
17 1.81 3.36 3.62  50.00 81.49 86.89  86.86 99.52 99.84

Let us now examine how the doses achieved by the proposed method outperform their

original ones used in treatment. A metric called satisfactory rate is defined as the ratio of

cases satisfied by new prescription dose versus the total number of patients in target.

When the received radiation dose in OARs did not exceed their tolerances according to

Table 3.3, this dose is considered as a successful case in this evaluation. In this chapter,

the total number of patients is 17. As shown in Table 3.6, the proposed method achieved

100% satisfactory rate for all patients tested. All the OARs are carefully protected under

the optimized prescription dose.
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Table 3.6 Successful rates of OARs’ metrics for 17 brain tumor patients.

OARS’ metrics Successful rate

Max dose of brainstem 100% (17/17)

Max dose of left lens 100% (17/17)

Max dose of right lens 100% (17/17)

Max dose of left optical 100% (17/17)
nerve

Max dose of right optical 100% (17/17)
nerve

Max dose of chiasma 100% (17/17)

After inputting the optimized prescription dose into the TPS, a new dose volume
histogram can be obtained. Figure 3.3 shows the DVH curves for 2 patients’ cases (patient
#13 and #17), without loss of generality, where the dotted curves represent new dose
volume after optimisation and the solid curves indicating the original ones before
optimisations. For patient #17, the optimized prescription dose is greater than the original

prescription dose, while the factors in patient #13 shows the opposite.

In the first example case of patient #17, the original prescription dose is 60Gy while the
optimized prescription dose is 73.89Gy, which is greater than the original dose level. The
whole DVH shifted to the right, shown in Figure 3.3(a). As was shown in Table 3.4, for
patient #17, the median therapeutic ratio increased from 81.13% and 98.87%, and the
radiation doses to OARs are all increased but still no more than the OARSs tolerance, as
shown in Table 3.7(a). Therefore, the prescription dose calculated by the proposed dose

prediction model protects each OAR and achieves the therapeutic ratio improvement.
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Figure 3.3 Dose volume histogram of patient #17 (a) and dose volume histogram of
patient #13 (b) under optimized and original prescription doses. The dotted lines represent

dose volumes after optimisation and the solid indicating the original dose volumes. For
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patient #17, the optimized prescription dose is greater than the original one. For patient

#13, the optimized prescription dose is lower than the original one.

Table 3.7 Maximum doses to OARs under optimized and original prescription doses

(PDs).
(a) Patient#17
Struct D&ﬁi’i under original PD D,?Q‘,}"' under optimized PD
ructures
(60.00GYy) (73.89Gy)
Brain stem 45.38 53.01
Left lens 7.61 8.05
Right lens 7.56 7.99
Left optical nerve 43.39 51.65
Right optical nerve 44.06 52.44
Chiasma 43.12 51.33
(b) Patient#13
Structures Dg{;ﬁ'i under original Dg{;ﬁ'i under optimized
PD (60.00Gy) PD (56.29Gy)
Brain stem 56.54 53.06
Left lens 7.98 7.48
Right lens 7.91 7.43
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Left optical nerve 47.49 44.56

Right optical nerve 57.56 52.99

Chiasma 57.15 53.62

As for the second case of patient #13, the optimized prescription dose is 56.29Gy, lower
thanthe original dose 60Gy. The whole DVH shifted to the left, as shown in Figure 3.3(b).
Moreover, Table 3.7(b) illustrates the maximum dose to OARs using the original and the
optimized prescription dose. I remark that some OARs exceeded the tolerance under the
original prescription dose, such as brain stem, left optical nerve, and chiasma with the
max dose as 56.54Gy, 57.56Gy and 57.15Gy, respectively, exceeding their tolerances.
When the optimized prescription dose is applied, it can satisfy the OARs radiation dose

tolerance and all the normal tissues can be better spared.

As for the therapeutic ratio for patient #13 when applying the original and the optimized
prescription dose into TCP and NTCP models, Table 3.4 showed that the therapeutic ratio
was increased to 69.30% versus the original 46.72%. Although doctors and physicists
would have their trade-offs about OARs from overdosing at their original prescribed doses,
the proposed method can provide a new treatment planning perspective, especially for

those cases where the tumor is large and very close to OARs.

It is noted that, the majority of patients recruited in this chapter are diagnosed with high
grade brain tumor, i.e., grade III (anaplastic) oligodendroglioma, grade III astrocytoma,
grade III meningioma, grade III malignant fibroma, grade III cerebral

hemangiopericytoma and grade III & IV GBM. From the RT’s perspective, current
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completed clinical trials usually employed 54Gy in 27 fractions to 60Gy in 30 fractions
for grade III (anaplastic) oligodendroglioma [197] [23], [198]-[200]. 5 years overall
survival (OS) ranges from 58% to 59% and progression free survival (PFS) ranges from
47% to 50%. In the clinical trials conducted by Cairncross et al. [199], 65% of patients
experienced grade 3 or 4 toxicity. In the Karim et al.’s study [23], long-term sequelae
retrieved from follow-up CT scans were rare happened. For grade III astrocytoma, also
called anaplastic astrocytoma, 60Gy is usually employed for RT [13], [201]. According
to the statistic analysis in 2021 [13], the 5-years survival rate for grade III astrocytoma
ranges from 24.5% to 60.9% corresponding to different age groups. The radiation doses
are generally in the range of 54—60 Gy delivered in 1.8-2 Gy daily fractions for grade I1I
meningioma [202]. Rogers et al. conducted a clinical trial treating patients with
meningioma using 54Gy and 60Gy, respectively [203], [204]. Seidensaal et al.
summarized 44 treatments from 2009 to 2018 for malignant fibroma [205]. Patients
received radiation dose ranging from 39.6Gy to 66.0Gy. The progression-free survival in
3 and S5years was 72.3 and 58.4% and the overall survival was 97.4 and 97.4%,
respectively. Khan et al. conducted a systematic review summarizing the external beam
radiation dose escalation for high grade glioma [206]. In this review, there was a Phase II
study investigating the efficacy and toxicity of delivering radiation dose up to 72.6Gy.
This treatment was reasonably tolerated with only grade 1 and 2 toxicities noted [207].
Most trials included in the analysis were published before 2000 and they used outdated
radiotherapy techniques such as whole brain radiotherapy rather than local radiotherapy
(targeted only to the tumor and not the whole brain), which bring inevitable hazard to
normal tissues and OARs. With the development of precise radiotherapy, e.g., IMRT,

normal tissues and OARs can be better protected and doses to tumor can have headroom
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to increase. As was demonstrated in this chapter, among the patient cohort, the highest
doses employed was 75.56Gy for patients with III glioma and 76.68Gy for IV glioma
(GBM) with tolerable doses to all OARs. Therefore, it is anticipated that the proposed

prescription dose optimization model can be applied to clinical trials design.

Since current dose prescription optimisation methods focus on physical optimisations,
such as tumour volumes and positions [208]. In this chapter, I proposed a novel
prescription-dose optimization method by investigating biological effects, i.e., use of TCP
and NTCP models, with a particular focus on prevailing models used in commercial
treatment planning systems (TPS). TCP and NTCP models have been used to evaluate
and compare treatment plans [46] and describe tumour control and normal tissue
complication probabilities [50]. Compared with previous studies using TCP and NTCP
models, this chapter further investigates various uncertainties within TCP and NTCP
models to provide a robust prescription-dose prediction. In addition, a personalized
treatment framework considering different OARs among patients is finally presented,

able to predict a prescription dose based on various constraints for individual patients.

3.5 Conclusion

In this chapter, I have proposed an optimization of prescription doses by investigating
radiobiological models, paving the way for personalized optimization and treatment. For
a specific patient, the proposed method produces a prescription dose by analysing a set of
available constraints, such as tolerance of different OARs, and various radiobiological

uncertainties (e.g., parameters used in TCP/NTCP models), efc. Results demonstrated a
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higher therapeutic ratio while protecting OARs, especially for larger tumors that close to

the OARs.

Among 17 patients evaluated in this chapter, 7 of them are with Glioblastoma (GBM),
which is considered as one of the most challenging tumors treated in photon radiotherapy.
The results show that 5 GBM patient cases can increase the prescription dose to improve
the therapeutical ratio. Only 2 of the GBM patients show a decreased prescription dose
to increase the therapeutical ratio, because the tumor area is very close to the OARs. The
reduced dose to the tumor target sacrificed for the OARs’ protection, however, leads to
tumor progression which will still bring severe agony for OARs and patients. To address
this issue, the next chapter will introduce a heterogeneous dose escalated radiotherapy for

GBM, to escalate the dose focally at specific intratumoural areas.
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Chapter 4

Isotoxic Dose Escalated Radiotherapy for
GBM Based on Diffusion-Weighted MRI

and Tumor Control Probability

4.1 Introduction

The work described in the previous chapter predicts the prescription dose for individual
patient by the well-established radiobiological models describing the TCP and NTCP,
and the prescription dose optimization is preformed to the whole tumor. This may result
in a reduced prescription dose versus the original one, when a tumor is very close to OAR,
because the doses to tumor target sacrificed for the OARs’ protection. For tumors such as
Glioblastoma Multiforme (GBM) that are highly malignant, if radiation doses delivered
to tumors are not sufficient, the tumor control will be poor. Therefore, a more practical
way is to define risk of progression in different parts of tumor by considering the tumor’s
biological heterogeneity. An increased dose is applied only to some parts of the tumor
which are more likely to progress. Dose levels to other area are not increased, avoiding

an irradiation dose grow to the surrounding OARs.
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Since GBM, a WHO Grade 4 glioma, is the most common malignant primary brain tumor
[13], this chapter focuses on a cohort of patients with GBM. The standard GBM treatment
for patients younger than 70 years old and Karnofsky Performance Status (KPS) more
than 70 is 60Gy radiotherapy delivered in 30 fractions (2Gy per fraction) with concurrent
and adjuvant temozolomide chemotherapy [62]. For GBM patients older than 70 years
old and/or KPS less than 70, treatment using 40.05Gy in 15 fractions with concurrent and
adjuvant temozolomide chemotherapy is considered [62]. However, long term control is
hard to achieve with median survival time of 15-18 months and 2-year survival rate of
26-33% [209], [210]. Most recurrences after radiotherapy occur inside the irradiated area,
at a rate from 58% to 92% [67]-[75], suggesting that the prescribed radiation dose is not
sufficient for tumor control, therefore increasing the radiation dose can reduce local
recurrences. However, clinical trials where the dose was escalated uniformly across the
tumor have shown an increase in toxicity because of the associated increased dose to the
surrounding healthy tissues and organs at risk (OARs) [77], [211]. An alternative strategy
is to identify intratumoural areas with a higher risk of progression to escalate the dose
isotoxically, i.e., respecting the same dose-volume constraints for OARs as per the
standard treatment (of 60Gy in 30 fractions). This is called isotoxic dose escalation,

achievable by “dose painting” as proposed by Clifton Ling [139].

TCP models have been theoretically framed to enhance the tumor control prediction by
modulating radiobiological parameters, such as a and f, estimated from in-vitro cell-
plating experiments to clinical trials. However, a and f still cannot fully describe intra-
and inter-patient variabilities or account for tumor heterogeneities. To investigate tumor
heterogeneities, medical imaging can be used to bring quantitative information into TCP

models, describing tumor heterogeneity at the voxel scale. Among imaging techniques,
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magnetic resonance imaging (MRI) has gained a particular relevance in the radiation
oncology workflow over the last decade [112], [212]. Various MR techniques can provide
3D spatial maps of anatomical and quantitative information. Many clinical trials have
been conducted using quantitative imaging (e.g., PET or MRI) to identify radio-resistant
areas within various tumors [103]-[105], [107]. Compared with conventional anatomical
imaging modalities such as CT and T1/T2 weighted MRI, functional imaging can provide
additional information on tumor heterogeneity by providing information on organ
physiological function. In turn, this data could facilitate the planning and delivery of
radiotherapy. For GBM, some studies employed quantitative imaging techniques, such as
positron emission topography (PET) and magnetic resonance spectrum imaging (MRSI)
to define the high-risk areas [103]-[108]. In addition, since tumor cell density is
considered as an important factor that determines the treatment outcome [134]-[136].
Diffusion-Weighted Magnetic Resonance Imaging (DW-MRI) allows us to measure in
vivo the density of cells inside the body [132], [133]. Diffusion-weighted (DW) MRI is a
well-established method to characterize oncological lesions in terms of cellular density,
proliferation power and cellular permeability, by means of apparent diffusion coefficient
(ADC) maps [115], [213]. The inclusion of this information at the voxel level in TCP
models is believed to predict voxel-level tumor progress. In Casares-Magaz et al.’s study
[130], ADC maps were computed from DW-MRI before radiotherapy and from them
cancerous cellular density was estimated. This study showed that use of MRI-driven
cellular density can enhance TCP differences inside tumor, suggesting a heterogeneous
representation of tumor characteristics at the voxel level. Standard radiobiological theory
dictates that the radiation dose should increase in proportion with the log number of tumor

cells in order to increase the probability to stop a tumor’s growth or even eradicate it
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[214], [215]. DW-MRI-based dose painting can identify area with insufficient doses to
achieve control and then direct dose boosts accordingly. DW-MRI is converted into

apparent diffusion coefficient (ADC) maps, which are inversely correlated with tumor

cell density [123], [124], [216]-[223].

Since ADC values have been demonstrated as a significant association with overall
survival [224], [225], in this chapter, | used ADC maps to calculate tumor cell density
and derive voxelised 3D cell distributions. A personalized biological model was
employed to calculate the voxel-level tumor control probability (TCP) that corresponds
to the planned dose distribution for each patient treatment. This in turn is used to change
the radiotherapy plan, by following a dose painting method to escalate the dose focally at
specific intratumoural areas, which showed a higher disease burden, in order to increase

TCP values.

4.2 Methods

In this chapter, pre-treatment ADC maps were derived from DW-MRI of ten GBM
patients treated with radical chemoradiotherapy (60Gy in 30 fractions) and are used to
calculate the cell density maps in their gross tumor volumes (GTVs) using an empirical
formula, shown in Section 4.2.2. Since GTVs are defined on the radiotherapy planning
CT, as per routine clinical practice, to correspond to the macroscopically manifested
malignancy based on CT and MRI (contrast-enhanced T1, T2 FLAIR), a rigid registration
between ADC maps and the planning CT images was performed to register the GTV

structure on the ADC images. A Poisson linear quadratic (LQ) TCP model (with
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radiosensitivity parameters of a = 0.12Gy !, = 0.015Gy 2 [191]) was used to calculate
the three-dimensional (voxelated) TCP maps that correspond to the cell density
distributions within the GTVs, as determined from the corresponding ADC maps. Those
GTV regions with TCPs in the lowest quartile of the TCP range for each patient were
designated as the GTV sub-volumes with a higher risk for recurrence after radiotherapy
and labeled as the biological target volume (BTV). The BTV dose was escalated using a
simultaneous integrated boost (SIB) aiming to increase the TCP within the BTV to the
median TCP value for each case in turn. The SIB dose itself was defined, which is
required to achieve this objective for each case individually. Finally, radiotherapy
treatments were simulated using the clinical plans as a baseline and incorporating the
corresponding BTVs and the associated SIB dose derived for each patient case. Dose
constraints to the surrounding organs at risk (OARs) were not changed from the baseline

standard clinical plans, and personalized SIB plans were created accordingly.

4.2.1 Dataset

I studied 10 patients with GBM who were treated between 2018 to 2019 with standard
radical chemoradiotherapy of 60Gy in 30 fractions with concomitant and adjuvant
temozolomide. This study was approved by the local ethics committee and written
informed consent was obtained by the patients before their treatment. All enrolled patients
had CT and anatomical MR imaging acquired before radiotherapy and used for treatment
planning purposes. After segmenting the tumor-related target volumes and healthy organs
at risk according to standard clinical protocols, volumetric-modulated arc therapy
(VMAT) treatments were planned using the Eclipse 13.6 system to be delivered by a True

Beam linear accelerator (Varian Medical Systems, Palo Alto, California). All the patients
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received prior surgery and the GTV included resection cavities in all cases. The target
delineation was based on European Society Radiation Oncology (EORTC) protocol.
Doses in the target volume was prescribed by 60Gy in 30 fractions. The GTV was defined
from the planning CT data and postoperative images from MRI fusion, and was shown as
enhancing tumor and resection cavity on contrast-enhanced T1 weighted MRI. Some
tumors may be better visualized on the MRI T2 FLAIR images. The CTV was GTV +
2cm. The volume was trimmed at the bony circumference, tentorium and midline, unless
there was a clear route for tumor spread such as the corpus callosum. The PTV was CTV
+ 0.3cm. DW-MRI was acquired on a 3T scanner (Magnetom Verio, Siemens Medical
Systems, Erlangen, Germany) with an echo-planar (EPI) sequence using b-values of 400,
800 and 1000 s/mm? as the average diffusion values along three orthogonal axes,
repetition times (TR) between 4600s to 13300s, echo time (TE) = 72-95s, flip angle = 90,
GRAPPA accelerator factor = 2 and EPI factor = 132. ADC maps were computed using
all b-values, with a voxel size of 1.2x1.2x6.5mm?>. For the enrolled patients, quantities

summarizing dose distributions in the GTV volumes are given in Table 4.1.

Table 4.1 Patients characteristics in terms of dose and gross tumor volume (GTV). D2%
means the dose received in at least 2% of the GTV; D50% means the dose received in at
least 50% of the GTV; D95% means the dose received in at least 95% of GTV; and D98%

means the dose received in at least 98% of the GTV.

Patient ~ GTV volume(cm?) Doxizy) Doi\::}y) D2%(Gy) D50%(Gy) D95%(Gy) D98%(Gy)
1 106.3 60.12 62.88 62.52 61.68 60.78 60.6
2 5.7 60.12 62.22 61.86 61.26 60.60 60.48
3 16.7 62.52 63.72 63.64 63.37 63.00 62.92
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4 82.1 56.22 65.46 63.35 61.10 60.01 59.73

5 57.6 60.00 62.82 62.28 61.50 60.66 60.54
6 82.0 59.22 63.66 61.68 60.84 60.30 60.16
7 82.9 59.70 63.18 62.22 61.62 66.36 60.72
8 42.6 59.82 64.56 64.07 63.03 61.66 61.32
9 45.5 59.82 64.74 64.20 62.34 60.66 60.36
10 95.3 59.88 66.18 65.04 63.24 61.50 61.20

4.2.2 Cell Density Map

The DWI-derived ADC maps were related to the cell density of the corresponding volume
element (voxel). To achieve this, ADC maps were registered to the planning CT scans
using rigid registration to anatomical landmarks, e.g., the skull. The voxel size of each
CT image is 0.926x0.926x3.000 mm?’. The matrix size for the patient data was
192x192%19 voxels for the ADC and 512x512x99 voxels for the CT images, respectively.
The NiftyReg software [226] was used to register ADC maps on CT images by
resampling ADC voxels using trilinear interpolation in order to match with the CT grid,
leading to a 512x512x99 ADC map. On each CT-ADC registered image plane, cell
densities in the matrix of 512x512x99 are calculated. As mentioned in Section 4.1, there
are several studies indicating that there is an inverse correlation between ADC and cell
density. Eidel et al. [223] included the most GBM specimens and quantified the
relationship between ADC and cell density for GBM, as is shown in Figure 4.1. These

data can be fitted linearly using the following formula:

Cell density (p) = —2.3 x ADC + 5889.6, (4.1)
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where the coefficients are derived by the linear fit strategy. Equation 4.1 was also used to

calculate the cell density from the ADC values for patient data in this chapter. Pixels with

ADC values from 460 to 1660 mm?/s to indicate malignancy are considered according to

recent studies [227]-[230].
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Figure 4.1 Cell density and the corresponding ADC values derived by Eidel et al. [181],

where the line represents a linear fit performed herein using Equation 4.1, Pearson’s r =

-0.40, Spearman’s Rs = -0.48, and both with p-values less than 0.01. r within 10.40 -

10.69 represents a moderate correlation.

4.2.3 TCP Map

A linear-quadratic (LQ) TCP model defined in Equation 4.2 is used to calculate TCP;

values, which is the TCP value of each element in each layer. N; is the number of tumor
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cells per voxel; D; is the voxelated total treatment dose; d; is the voxelated dose per
fraction; n is the number of fractions; a and f are tissue radiobiological parameters
chosen as a =0.12Gy™!, B =0.015Gy % [191]; piis the cell density in the area (4) of
0.926x0.926 mm? calculated in Section 4.2.2.
TCP; = exp (—Niexp (—(a + Bd;)D;))
= exp (—piAexp (—(a + D)) (4.2)

The above equation can be used to calculate the TCP; for a given cell density at each pixel
(pi), with the latter derived from the ADC maps. Repeating for all pixels in the ADC

image produces a volumetric (3D) TCP map for the available data.

4.2.4 Biological Tumor Volume and Simultaneous Integrated

Boost

The aforementioned TCP map is used to define biological target volume (BTV), where
the dose will be escalated by means of a simultaneous integrated boost (SIB), that is
increasing the dose per fraction whilst maintaining the same number of fractions (i.e., 30).
I calculated the voxelated TCP values in the GTV, and defined the BTV as the volume in
which the TCP values are in the lowest 25% of the calculated TCP range for that patient.
Each patient’s SIB dose is calculated such that the minimum TCP in the BTV (defined as
TCPy,,,) is increased to match the median TCP value of the whole tumor (defined as

TCPhign)-

According to Equation 4.2, TCPy,,, and TCPy; 4y, are written as:

TCPiow = exp (—pyAexp (—(a + B=HD1)). (4.3)
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TCPuign = exp (—poAexp (—(a + f2)Dy)), (4.4)

where p; is the cell density corresponding to TCP,,, and p, is the cell density

corresponding to  TCPpgp. D1 and D> are voxelated doses known from the dose
distribution in TPS, which yielded TCP,,,, and T CPy; 4y, respectively. Since the escalated
dose (Dgp) is used to increase the TCPy,,, with cell density p; to the TCPy;g4p, then

TCPyjgn can be expressed as

D
TCPhigh = exp (—p1Aexp (—(a + B—2E)Dgp)). (4.5)

n
Taking the logarithm of both sides of the Equation 4.5, it leads to

log TCPhigh
log—==Thigh _ _ 5

ToA - ;DSIBZ — aDgp (4.6)

In the Equation 4.6, a, 8, p1, 4, n and TCPy;4y, are all known, therefore, the escalated

dose (Dg;g) can be calculated by solving this one-variable quadratic function. Taking
Patient #1 as an example, the original prescription dose is 60Gy in 30 fractions. TCP,,,,
is 70.18% in the BTV, and TCPy;4p, is 80.76% in the GTV. Use of Equation 4.6 allows

us to calculate SIB dose to be 66.6Gy in 30 fractions.
4.2.5 SIB Isotoxic Dose-escalated Treatment Plans

The SIB isotoxic dose escalation plans were performed on the Varian Eclipse treatment
planning system with the VMAT technique, which is used for the original clinical plans.

Then, BTV was generated in the TPS for each patient following the proposed method in
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Section 4.2.4. The radiation dose to the area of PTV excluding BTV was still 60Gy in 30
fractions. In BTV, the same number of fractions are used, and radiation was delivered as
a simultaneous integrated boost with the personalized SIB dose on a case-by-case basis.
Mirroring the original clinical plans, the dose-volume optimization objectives for the
target and OAR constraints are given in Table 4.2. In our SIB plans, we typically limit
the maximum dose (Dmax) to the optic chiasm to <55Gy for the majority of patients in
our cohort. However, for patients with tumors situated in close proximity to the optic
chiasm, we have chosen to set a slightly higher limit of Dmax<60Gy to ensure adequate
toxicities of optic chiasm without compromising the tumor control. To confirm the
feasibility of SIB isotoxic dose escalation plans, I evaluated whether the dose in BTV and
PTV achieves the requested dose levels, and whether the dose in OARs stays within their
tolerance when changing the dose prescription. Once the SIB isotoxic dose escalation
plans have been approved by an oncologist, a new dose distribution map was generated.
Combined with the cell density map mentioned in Section 4.2.2, a new TCP map was
generated. The SIB isotoxic dose escalation plans were compared to the clinical delivered
plans with respect to TCP maps. I can then demonstrate how TCP growth behaves in TPS.

Figure 4.2 shows the step-by-step operation of the proposed SIB isotoxic dose escalation.

Table 4.2 Critical organs tolerance doses and target dose requirements for GBM [15],

[33], [42], [187].

Critical organs
Tolerance doses Toxicities
/ targets

Radiation induced optic
Optic chiasm Dmax 55 Gy o
neuropathy (RION) negligible
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Dmax 55-60 Gy

RION 3-7%

RION 7-20%

<1% risk cataract

50% risk of cataract

Dmax 60Gy

Optic nerves Dmax 54Gy

Dmax 6Gy

Lens

Dmax 10Gy

Retina Dmax 45 Gy
Dmax 54Gy to entire brain

stem.

Brain stem Absolute volume receiving

59Gy (aV59) <= 10cm’

A point (<<Icc) <= 64Gy

Risk < 5% of brainstem necrosis

or neurologic toxicity

D99% >90% of prescription dose

D95% >95% of prescription dose

Target D50% >100% of prescription dose

D5% <105% of prescription dose

D2% <107% of prescription dose

4.3 Results

In this section, ADC values of each patient enrolled in this study was first presented. The

cell density at the voxel level and number of tumor cells was then calculated based on

ADC values. Combing the cell density map and TCP distribution, BTV and SIB doses
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were derived. Finally, the results showed that delivering the SIB dose to BTV for

individual patient can achieve higher TCP values with the acceptable dose to OARs.

[nput data

[ MRI, CT J‘ Structures ]

Cell density
map

( Original clinical approved TCP map }

4[ Choose lower TCP area to obtain BTV J

Increase the minimum TCP in BTV to the mean TCP of the
whole GTV to obtain SIB dose

l

——————{  Re-optimize VMAT plans in TPS |

New dose map
TCP map incorporating
BTV and SIB

Figure 4.2 A flow chart of the proposed method to obtain escalated SIB isotoxic dose.

Figure 4.3 shows the ADC distribution within the GTV for the 10 patients. Figure 4.4
shows the BTV, and SIB doses calculated for the patient referred in Section 4.2.4 as an
example case. Figure 4.4(a) shows a “slice” (axial-plane distribution) of the patient’s
ADC map with the corresponding GTV (red line) outlined on the CT images and
transferred as a result of the ADC-CT image fusion. Figure 4.4(b) shows the
corresponding cell density map, calculated using Equation 4.1, as described in Section
4.2.2. The red and blue colored areas correspond to GTV regions with the higher and
lower cell densities, respectively. Using Equation 4.2 in Section 4.2.3, the corresponding

TCP map can be derived, which is shown in Figure 4.4(c). For this patient, the TCP ranges
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from 0.7018 to 0.9258 with a median of 0.8076. Areas with TCP values between 0.7018
and 0.7578 correspond to the lowest quartile, and were used to define the BTV, as shown
in Figure 4.4(d), where ADC values range from 478 to 783 mm?/s. Given the calculated
TCP values, the SIB dose (Dsis) was calculated as 66.6Gy using Equation 4.6. The SIB
isotoxic dose escalation plans were then performed on the Varian Eclipse dose planning
system with the VMAT technique. The radiation dose to the area of PTV excluding BTV
was still 60Gy in 30 fractions. After boosting the SIB dose to BTV, the dose map of this
layer was shown in Figure 4.4 (e) for this patient. The TCP map of the same layer after

SIB isotoxic dose escalation planning was shown in Figure 4.4 (f).
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—p— P110

# PIXELS/ # TOTAL PIXELS

ADC VALUES (MM?/S)

Figure 4.3 Frequency distribution histogram of the ADC values within GTV for 10
patients, where x-axis represents the ADC levels and y-axis represents the proportion of

each ADC level.
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(a) ADC map with the GTV (red line).  (b) Cell density map (unit: cells/mm?).

(c) TCP map. (d) BTV (green contour) on ADC.

(e) Dose map after boosting dose to BTV (f) TCP map after boosting dose to BTV

Figure 4.4 Stepwise analysis to deduce BTV and SIB doses on the same axial plane of

the example patient: (a) ADC image and outlined GTV, (b) the calculated cell density, (c)
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the TCP that corresponds to the clinical dose distribution (60 Gy in 30 fractions), (d) the

derived BTV, (e) boosted dose distribution and its corresponding TCP map (f).

The histogram distribution with the TCP values from all voxels in the clinical plan
(prescribed dose 60Gy, no SIB), for this patient is shown in Figure 4.5 (blue bars). This
is produced by the accumulation of maps as per Figure 4.4(c), from all “slices” of the
complete 3D image dataset. The TCP values that correspond to the SIB plan are shown
in Figure 4.5, orange bars. Comparing the corresponding TCP values of the clinical plans
(no SIB) and the SIB, the latter TCP has increased from values ranging between 70.18%
and 92.58% to between 87.92% and 99.20%, respectively (Table 4.3, patient 1). Although
the treatment objective is to increase doses only within BTV, there is an unavoidable dose
increase to the adjacent voxels, because of a finite dose gradient governed by the laws of
physics. Therefore, the dose is increased in larger area than the BTV, thereby elevating

the TCP in a wider area within the gross tumor volume.

The corresponding results for the ten patients in the cohort is shown in Table 4.3, which
also shows the ADC values in GTV and BTV, number of tumor cells, boost doses (i.e.,
Dsis minus the original prescription dose) and median voxelated TCP increases in clinical
dose distributions. The maximum median voxelated TCP increase achieved is 16.84%.
Considering the confidence interval in the relationship between ADC values and cell
densities, as shown in Figure 4.1, the corresponding SIB doses and TCP ranges have been
calculated, and presented in Table 4.3. The volume of BTVs for each patient was shown

in Table 4.4. Since BTVs represent high cell density area, we further investigate how

much of the relapsed volume overlaps with BTVs. In Table 4.4, Patient #1 relapsed three

years after radiotherapy, where this patient’s BTV is 17.31 cm?, and the recurrence area
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within the BTV is 10.80 cm?, accounting for 62.39% of the BTV. As for the other nine

patients, one patient was died, four patients’ status are lost to follow-up, two patients have

not progressed, three patients relapsed but two of them went to other medical centers,

therefore, their recurrence datasets are not available.

0.25

[ TCP from original clinical plan
I TCP from SIB isotoxic dose escalation plan

0.2

0.15

0.1

# PIXELS / # TOTAL PIXELS

0.05

80%

TCP VALUES

Figure 4.5 TCP distributions with and without using the proposed method, where x-axis

represents the TCP levels and y-axis represents the proportion of each TCP level. Blue

bars represent the TCP values from all voxels in the clinical plan for this patient, while

orange bars represent TCP values that corresponds to the SIB escalated dose to the BTV.

Table 4.3 Results of proposed method for 10 GBM patients.

ADC in GTV
(mm?/sec)

Patient | M  max  mean

std

Number
of tumor
cells

ADC
in BTV
(mm?/sec)

Boosted dose
(Gy)

Median
voxelated TCP
increase (%)

TCP without BTV
V.S.

TCP incorporating
BTV and SIB dose

1 478 1660  1211.05

236.20

2.88E+10

478-783

6.60*
[6.23, 6.89]°

13.77*
[12.08, 16.09]°
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3.60 7.19
2 624 1656 1201 26893 | 1.23E+09 624-885

[3.25, 3.67] [6.52,9.61]

6.60 7.90
3 493 1660 1011 26539 | 5.01E+09 493-794

[6.21, 6.68] [7.12, 10.58]

7.19 8.56
4 475 1660  1021.8  266.66 | 1.30E+10 475-689

[6.83, 7.43] [7.95, 11.90]

3.90 7.57
5 472 1660  1150.8  248.81 | 1.39E+10 472-798

[3.40, 4.13] [7.25, 11.08]

16.80 8.90
6 495 1660  1096.8  294.85 | 1.31E+10 495-813

[16.28, 18.41] [7.98, 11.76]

8.02 13.64
7 482 1657  856.61  166.92 | 2.98E+10 482-785

[7.78, 8.40] [12.65, 19.46]

13.20 7.24
8 512 1657 1075 22299 | 7.88E+09 512-806

[12.97, 13.62] [6.96, 10.50]

8.70 8.07
9 488 1660  1106.6 24729 | 1.07E+10 488-808

[8.31, 8.98] [7.63, 11.39]

10.20 16.84
10 470 1660 10617  299.18 | 2.26E+10 471-797

[9.88, 10.53] [15.46, 23.36]

% Values shown at this position for patients 1-10 indicate the SIB dose and TCP increase

derived from Equation 4.1.

b: Ranges shown at this position for patients 1-10 indicate the SIB dose and TCP increase

derived from the confidential bound in Figure 4.1.

Table 4.5 shows the comprehensive OAR dose-volume statistics for the original clinical

plan (labeled “old”) and the one with the SIB isotoxic dose escalation plan (labeled “new”

for each patient. The radiation dose to OARs did not exceed their tolerances, which are

shown underneath each OAR. This demonstrates that the generated SIB doses assigned

in BTV, should keep the toxicity to the surrounding OARs to levels that are deemed

acceptable as per routine clinical practice. For patients #2, #5 and #6, the doses to

brainstem in the SIB plan are less than those in the original clinical plan. This makes
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sense because in the treatment planning optimization procedure, the brainstem was given

higher priority than the original clinical plan to not exceed the objective values.

Table 4.4: The volume of BT Vs for each patient.

Patient GTYV volume (cm?) BTV volume (cm?)
1 106.3 17.31
2 5.7 0.4
3 16.7 3.63
4 82.1 6.27
5 57.6 1.82
6 82.0 20.50
7 82.9 5.30
8 42.56 8.14
9 45.48 2.82
10 95.25 8.24

I also investigated the correlation between the TCP increase and the original TCP values,
as well as the number of tumor cells. In Figure 4.6(a), x-axis represents the minimum
voxelated TCP values, and y-axis represents the TCP increase for the whole tumor. It
shows a negative correlation between TCP increase and original TCP. It indicates that
patients with the worse prognosis (i.e., lower original TCP) will have a higher potential
for TCP increases using the proposed method. In Figure 4.6(b), x-axis represents the
number of tumor cells, and y-axis represents the TCP increase for the whole tumor. It
shows a positive correlation between the number of tumor cells and the TCP increase,
indicating that tumors with a larger number of cells will benefit more in terms of TCP

increases.

123



4.4 Discussions

For GBM, some studies employed quantitative imaging techniques, such as positron
emission topography (PET) and magnetic resonance spectrum imaging (MRSI) to define
the high-risk areas [86-91]. Since tumor cell density is known as an important factor to
determine the treatment outcome [134]-[136], diffusion-weighted magnetic resonance
imaging (DW-MRI) can be used to allow us to measure in vivo the density of cells inside
the body [132], [133]. This chapter presented the first DW-MRI based dose painting

method by investigating the voxel-level cell density for newly diagnosed GBM.

This study used ADC values derived from quantitative imaging DW-MRI as imaging
biomarkers, following the observation that lower ADC values indicate higher cell density
[223]. I then built an MRI-based TCP model to develop a personalized ADC-based dose
painting for GBM. Since higher doses increase tumor cell kill [214], [215], through
escalating the dose to personalized levels by means of a SIB to each patient’s BTV, an
up-to 16.84% increase of TCP has been achieved for the patient cohort, without exceeding
the dose tolerance of the OARs. The proposed method increased doses by 6%-28%, i.e.,
63.60Gy-76.80Gy, among the patient cohort, in the area within the tumor with the high
cell density. I remark that most of patients in current clinical trials have been prescribed
with over 70Gy and even 79.4Gy for GBM RT. Such dose escalations were well tolerated,
as summarized in Table 2.6 and Table 2.7 in Section 2.2. The optimized dose levels

presented herein work accordingly with the reported GBM clinical trials.
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Table 4.5 Doses of the OARs for the ten patients, expressed in terms of maximum doses in optic nerves, optic chiasm, eyes and lens and
DO0.1cc in brainstem. The dose tolerance indicated by the QUANTEC or RTOG 0825 protocols for those organs are also presented.

Patient  Brain Stem Zowﬂsrnom OuWMmﬂM:a OA—V.WMM: Eye globe Left mvmmw”“ca Lens Left Lens Right
SA_MWMM@S DO0.1cc<55Gy Dmax<50Gy Dmax<50Gy Dmax<55Gy Dmax<45Gy Dmax<45Gy Dmax<10Gy Dmax<10Gy
old* new® old new old new old new old new old new old new old new

1 53.44 53.19 1223 14.64 14.72 16.63 1931 21.30 9.70 14.01 15.16 16.72 727  7.18 7.17 7.18

2 24.74 5.12 3.33 2.62 2.78 1.43 5.72 2.78 16.04 6.44 14.42 493 3.04 1.22 3.69 1.12

3 7.28 6.89 2.31 2.43 2.70 2.76 3.47 3.60 1.96 2.06 2.05 2.60 1.07  0.95 1.13 0.99

4 57.00 51.66 2143 2391 52.63 4593 5437 49.10 13.17 13.83 25.58 28.45 6.25 4.05 6.84 6.79

5 56.00° 54.82 46.93 3431 33.67 3293 52.61 53.98 23.50 23.10 21.04 20.56 833 587 8.21 6.01

6 53.85 50.30 11.67 1226 18.54 1433 4032 33.98 54.48 44.42 60.91° 44.03 7.92  8.31 7.10 7.13

7 53.92 51.95 31.06 29.36 22.56 25.74 46.07 49.88 18.95 17.01 16.58 24.30 6.85 4.02 6.78 7.09

8 6.12 7.10 2.45 2.35 2.14 2.16 4.38 4.20 5.68 5.26 2.95 2.11 1.66 1.36 1.51 1.19

9 54.06 51.73 28.38 28.35 52.85 48.46 5346 54.82 13.97 24.15 24.63 29.46 726 452 7.65 9.65

10 3.48 4.52 1.30 1.83 1.28 1.57 1.91 2.67 1.21 1.78 1.11 1.30 0.69 0.85 0.73 0.75

# old: standard clinical plans; new: SIB plans, where the doses were calculated by Equation 4.1.
® In the original clinical plans, radiation doses to the brainstem of patient 5 and the eye globes of patient 6 exceeded their tolerance, which
would not be clinically acceptable. However, in our proposed SIB isotoxic dose escalation plans, all OARs are within their tolerance.

125



10

TCP increase (%)

66 67 68 69 70 71 72 73
Original TCP (%)

(a) TCP increases per patient by the dose painting prescriptions vs. the TCP from
the original clinical GTV dose (60Gy). x-axis represents the minimum voxelated TCP

values, and y-axis represents the TCP increase for the whole tumor.
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(b) TCP increases per patient resulting from the optimized dose painting prescriptions
vs. the number of tumor cells in GTV. x-axis represents the number of tumor cells, and

y-axis represents the TCP increase for the whole tumor.

Figure 4.6 Relationships between TCP increases and the original TCP, and the number

of tumor cells, respectively.
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Other ADC-guided dose painting studies have been conducted for patients with head and
neck or prostate cancer [155], [161], [164]. Gronlund et al. [231] proposed an
optimization method via the dose painting for prostate cancer, where the mean dose after
optimization equals the original prescription dose. This redistributes the dose over the
entire tumor, resulting in some areas getting a lower dose than what was originally
prescribed [231]. This method may not be suitable for GBMs or other tumors with poor
prognosis, because decreasing the dose in the high TCP areas may reduce the overall TCP,

resulting in unfavorable outcomes.

To our knowledge, the only approach using ADC-based dose painting for GBM was
published by Orlanri ef al. [232]. However, their study was designed for recurrent GBM,
not for newly diagnosed GBM [232]. Their optimized prescription dose was only related
to ADC values, however, the number of tumor cells was not considered. In addition, even
though many dose painting studies used logistic TCP models, which have not elucidated
the mechanistic interpretations about the dose-response of cell survival, the tumor cells
repair related to the dose-response of cell survival is not considered. Since the number of
tumor cells and tumor cells repair (i.e., radiation sensitivity factors a and f) have been
incorporated in linear-quadratic (LQ) TCP models [191], [233], a generalized version of
the LQ TCP model was used, with parameters (a and f) corresponding to GBM in this
study for planning RT in a personalized way to improve treatment outcomes. I remark
that the developed formalism could be used widely and transferable to calculations using
different TCP parameters for specific types of tumors, different formulations (e.g.,
including cell repopulation), or even different TCP models corresponding to a different
endpoint (e.g., time to progression). Moreover, the proposed approach, albeit utilizing a

generalized TCP model, allows for personalized RT, since the level of dose escalation
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differs between patients. The values of radiation sensitivity parameters o and £ used in
this study were derived from clinical trials and were smaller than from in vitro biological
experiments. As mentioned in Section 2.1.3.2, lower values of a may cause the
overestimation of doses. Nevertheless, the surrounding OARs did not exceed their
tolerances. Furthermore, the radiosensitivity parameters derived from clinical trials is

more practical than the o obtained from in vitro biological experiments.

In contrast to what have been done in other studies, this study combined ADC maps with
the voxelated TCP map to achieve the personalized SIB isotoxic dose escalation for GBM.
DW-MRI is a well-established method to characterize oncological lesions in terms of
cellular density by means of ADC. The inclusion of this information at the cellular level
in TCP models can increase the accuracy of tumor control prediction, paving the way

towards personalized and optimized treatments.

Since the original prescription dose was the same for each patient, the main factor
contributing to TCP is the number of tumor cells. Therefore, for patients with a higher
number of tumor cells, a lower TCP is expected. From the results shown in Figure 4.6,
the trendline shows that patients with a higher number of tumor cells can lead to a higher
TCP increase. This indicates that patients with higher disease burden and worse original

prognosis would benefit more from the proposed method.

We remark that the selection of b-values used in DW-MRI leads to a potential bias in
ADC values. However, ADC maps of the patients cohort were provided by the hospital,
where b-values were chosen as 400, 800, 1000 s/mm?, and directly employed in the

proposed method. The ADC to cell density translation is based on data from Eidel ef al.
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[181]. The 95% confidence interval between ADC values and cell density has been
analyzed in Figure 4.1. Taking this confidence interval into account, boosted dose ranges
and TCP ranges have been discussed in Table 4.3. It is noted that uncertainties related to
ADC quantification and cell density derivation, could affect the values of TCP. However,
this should not affect the main findings of the proposed method because only relative TCP
values are employed in the proposed method, moreover with the lowest quartile of the
TCP range to define the BTV, where the dose would be escalated to increase the overall

TCP.

Nakagawa et al. [77] and Fitzek et al. [211] conducted clinical trials and their results
showed that escalated radiation doses to the whole PTVs did not improve survival for
GBM patients. This was because toxicity was increased due to higher doses to OAR and
normal tissues, caused by escalating the dose to the whole tumor. A novel method was
proposed in this chapter to produce voxel-level TCP maps based on voxel-level cell
density analysis, where boosted doses are assigned into tumor area with lower TCP values
(i.e., area with higher cell density) for overall tumor control improvement, whilst keeping
the doses to OARs and normal tissues within the established tolerance levels as per the

routine clinical practice.

However, one limitation of this study lies in lack of clinical trials to verify whether our
proposed method can actually increase the prospects for GBM patients. It is foreseeable
that the proposed method can be used for the design of clinical trials. As for the recurrence
of the data set, most of patients’ outcome data are not available due to the patients being

treated at a centralized oncology center, with their ongoing care managed by different
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teams. We are going to continue enrolling more recurrence GBM patients with DW-MRI,

to investigate the correlation of progression regions with pre-radiotherapy ADC values.

In this work, the dose was escalated uniformly to the high risk volume, i.e., BTV,
following the concept of dose painting by contours (DPBC). However, our methodology
lends itself to dose painting by numbers (DPBN) techniques, each voxel with low TCP
values can be assigned to a corresponding escalated dose, leading to better matching of
the escalated dose distribution to the high risk voxels for further TCP increase. To the
best of our knowledge, there are no commercial treatment planning systems (TPS)

facilitating the planning of DPBN. We will study this in the future.

Given that some early-stage trials showed promising outcomes using proton therapy for
GBM patients compared with photon therapy [234]-[236]. It is expected that proton
therapy has the potential to widen the therapeutic window compared with photon therapy
and can be considered as an interesting radiation modality for dose painting. In the next
chapter, I will investigate the potential to further increase TCP values by applying our
proposed method using proton beam therapy (PBT), since PBT, which may offer more

headroom for SIB dose-escalation due to the decrease in integral dose outside the target.

4.5 Conclusions

This study used ADC-driven SIB dose painting to escalate the dose to a certain area in
the GTV for GBM patients. The results showed that TCP increases can be achieved

without exceeding the baseline OAR tolerances. Patients with higher number of tumor
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cells, in other words, lower TCP, showed a higher potential for TCP increase with this
methodology. In addition, ADC has been demonstrated as an imaging biomarker with a
higher cell density for the selection of patients and is able to guide the escalation of the
dose in a personalized way. In the next chapter, I will investigate the potential to further
increase TCP values by applying the proposed method using proton beam therapy (PBT),
since PBT offers more headroom for SIB dose escalation due to the decrease in integral

doses outside the target.
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Chapter 5

Proton Dose Painting for GBM

5.1 Introduction

The previous chapter has discussed RT treatment intensification protocols using radiation
dose painting to increase the treatment efficacy for patients with GBM, and optimized the
tumor control for patients with GBM. An increased dose was given to specific areas
defined by biomarkers from functional images within the tumor for personalised photon
radiotherapy, leading to an increase in TCP, and the dose of OARs did not exceed their
dose limits. In comparison to photon radiotherapy, proton therapy can deliver a much less
dose to healthy tissues around the tumor due to its characteristic “Bragg” peak [166]. The
danger of radiation damage to surrounding healthy tissues can be reduced. Early-phase
trials showed promising outcomes using proton therapy for brain tumor patients
compared with photon therapy [5], [234]. Studies have shown that low organ at risk (OAR)
doses are achievable in GBM proton plans, while maintaining the same dose level to the
target as that in photon therapy [235]-[237]. Consequently, use of proton radiotherapy

enables us to achieve a higher therapeutic ratio.

In order to escalate the dose to regions of presumed high risk of local failure, dose painting
techniques have been employed in proton therapy, where a non-uniform dose is

prescribed within the clinical target volume [238] [239]. Gondi ef al. have conducted a
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clinical trial for proton dose painting (NRG BNO0O1) for GBM [240]. This trial still needs
to accrue patients, and the corresponding results have not been announced yet. Some
hypotheses from this trial suggested that the increased conformality of proton therapy
may result in fewer toxicities, particularly related to lymphopenia which is associated
with overall survival in GBM [240]. Gondi ef al. escalated the dose of 75Gy to the GTV
area and remained the standard dose (60Gy) to the rest of the tumor target [240]. However,
this dose painting approach delivered the boosted dose to the GTV area, which was
contoured on the contrast-enhanced T1-MRI. Such conventional anatomical imaging
techniques cannot provide sufficient biological information of tumors. To address this,
quantitative imaging such as multi-parameter MRI can be employed to define the high-

risk areas, thereby guiding a precise dose escalation to tumor targets.

I have investigated how to combine DW-MRI imaging with radiobiological models for
GBM dose painting. The ADC map from DW-MRI imaging was applied as an imaging
biomarker to calculate cell density. Thereafter, the cell density was employed to calculate
TCP maps for each patient, and the TCP value was used as a metric to guide the boost
area and the dose boost level in the escalation RT for personalized treatment. Mirroring
the principles introduced for personalized photon dose painting radiotherapy, in this
chapter, proton therapy is implemented to investigate the benefits from the proton
technique, with comparisons against photon therapy in terms of target dose coverage,
doses to OARs and therapeutic ratios. The same cohort of GBM patients in the previous
chapter are included in this chapter for dose painting with proton. The results collected
from photon plans are used as the baseline. The proposed photon dose painting and proton
dose painting plans and the probabilities of tumor control of the photon and proton plans

have also been analyzed. The purpose of the study is to evaluate the outperformance of

133



proton dose painting to meet the dosage restrictions and targets versus photon dose
painting plans. Moreover, the robustness and the therapeutic ratio of proton radiotherapy
has been investigated in this chapter. Proton dose painting plans are expected to reduce
the non-target dose and consequently protect the healthy tissues and increase the

therapeutic ratio.

5.2 Materials and Methods

5.2.1 Patients

The same patient cohort used in Chapter 4 (i.e., 10 patients with GBM) were enrolled in
this section, eligible for proton and photon plan comparisons. The original clinically used
photon plans (non-dose-painting photon plans) were approved by the local ethics
committee. The written informed consent was obtained by the patients before their

treatment.

5.2.2 Photon Dose Painting Plans

The photon dose painting plans of the 10 patients were designed in Chapter 4, and the
prescribed doses were 63.60-76.80 Gy (in 30 fractions, 5 days/week) to BTV (ADC avid
volume with a Smm margin), 60 Gy to PTV (gross tumor volume (GTV) with a 20mm
margin. The GTVs, CTVs and PTVs were delineated according to standard protocols, and
the details of the BTV delineation can be found in the previous chapter. The prescription
was given as a mean dose to the targets, with the aim of reaching the prescription dose

plus/minus one Gy [8]. Note that each dosage level permitted a heterogeneous dose, as
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long as the 95% dose coverage was guaranteed for each target volume. The planning
constraints to targets and organs at risk (OARs) are shown in Table 4.2, and the dose was
normalized to 100% at target mean in BTV. In the case of overlap between BTV and the
serial organs, such as brainstem, optical nerves and optical chiasma, the dose constraints
to such OARs were prioritized, and then the dose was instead normalized in BTV minus
such OAR volumes. Planning risk volume (PRV) expansions of 3mm were used for
brainstem to ensure that dose limits were not exceeded in case of positioning errors. Plans
were approved by a neuro-oncologist and a physicist in the local hospital. Planning was
performed in Eclipse version 16.1 (Varian Medical Systems, Palo Alto, California).

Volumetric arc therapy (VMAT) with two full arcs was used.

5.2.3 Proton Dose Painting Plans

Since the number of tumor cells is one of the important metrics to dictate the radiation
doses according to the standard radiobiological theory [214], [215], the DW-MRI is
employed to produce apparent diffusion coefficient (ADC) maps, which are inversely
correlated with tumor cell density [223]. After the 3D cell distribution of the tumor has
been derived from the ADC maps, a personalized biological model is employed to
calculate the 3D tumor control probability (TCP) in the voxel level. The TCP maps can
indicate which area has higher disease burden and needs an escalated radiation dose.
Finally, the proton dose painting is implemented to deliver the simultaneous integrated
boost (SIB) dose to the lower TCP area (i.e., BTV _proton), defined as pixels for which
the expected pre-boost TCP was in the lower quartile of the TCP range for each patient.

An SIB dose was applied so that the lowest TCP in the BTV is increased to match the
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average TCP of the whole tumor. Figure 5.1 shows the flow chart of how proton dose

painting plan generates.

‘ Input data
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Increase the minimum TCP in BTV to the mean TCP of the
whole GTV to obtain SIB dose
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—

Figure 5.1 A flow chart of proton dose painting plan generation.

As for the cell density calculation, it is not impacted by treatment techniques, that is,
proton RT employs the same the procedure with photon RT to calculate cell densities,
since the same patient’s dataset and DW-MRI and ADC maps produced from DW-MRI

are used.

As for the TCP maps, the Poisson linear-quadratic (LQ) TCP model expressed in

Equation 4.2 was employed for the proton treatment. However, the tissue radiobiological
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parameters are different from photon radiotherapy. In 2019, Cammarata ef al. estimated
the o and f§ values in proton irradiation by fitting the cell survival to the Poisson-LQ
model. They found o = 0.292Gy™! and = 0.010Gy? under proton radiation [241]. The
BTV in proton radiotherapy (BTV_proton) is defined as the volume in which the TCP
values are in the lowest quartile of the calculated TCP range for that patient. A
simultaneous integrated boost (SIB) dose is then calculated to enable the minimum TCP
in the BTV to be the median TCP value of the whole tumor. Equation 4.6 was applied in

this chapter for the SIB dose calculation.

As for the proton plans, in this chapter, I used the pencil beam scanning technique of
multi field optimization (MFO), i.e., Intensity Modulated Proton Therapy (IMPT). The
dose from individual MFO field can be relatively heterogeneous. To prescribe different
dose levels to a tumor, the technique of MFO will be superior to single field optimization
(SFO) for dose painting. However, MFO is more sensitive to the uncertainties [180],

[242], [243]. As described in the Section 2.3, there are two main sources of uncertainty

when performing proton plans: one is the proton range uncertainty associated with
treatment planning dose calculations, the other is the positional or setup uncertainty
associated with the actual patient treatment [1]. To consider both of them, the proton plans
are performed with the robust optimization. The function of robust optimization is built
in the TPS, i.e., Eclipse version 13 (Varian Medical Systems, Palo Alto, California), using
the algorithm of worst-case scenario optimization, which has been described in Section

2.3.

The proton plans were optimized according to the dose constraints suggested by

QUANTEC and Emami et al. [37], [54]. Robust optimization on the proton plan was
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performed for the target dose coverage requirements and OARs constraints. In particular,
the max doses to the brainstem are used in proton plans instead of the PRVs used in the
photon plans. For robust optimization in brain IMPT, £3.5% range and +3mm setup

uncertainties are recommended [244]-[246]

Patients’ setup error indicates the change in isocenter position in X/Y/Z direction, i.e., six
different shifts (3mm, Omm, Omm), (-3mm, Omm, Omm) (Omm, 3mm, Omm) (Omm, -
3mm, Omm), (Omm, Omm, 3mm) and (Omm, Omm, -3mm), and estimates how these
changes in patient setup may affect the dose distribution. The range uncertainty in proton
RT represents the variations in the calibration curve for the CT number to relative
stopping power [247]. If the value is positive, the proton stopping power value increases
and the range becomes shorter compared to the range of the nominal plan, thereby moving
closer to the source. If the value is negative, the stopping power value decreases and the
range moves further from the source. Hahn ef al. studied the impact of range uncertainty
on clinical LET distribution and biological effectiveness in proton therapy [248].
Combining setup and range uncertainties results in 12 dose distributions for each proton

plan.

According to the aforementioned discussions, treatment planning was performed for a
spot scanning technique in Eclipse, using the Nonlinear Universal Proton Optimizer
(NUPO) optimization algorithm with multi-field optimization and a proton convolution
superposition (PCS, version 13.7.14) volume dose algorithm. Doses were normalized to
100% at target (i.e., BTV_proton) mean. The doses reported for proton plans are given in
Gy. Relative biological effectiveness (RBE) is set as a constant value of 1.1 [249]. Three

or four fields were used for each patient. Figure 5.2 shows a patient case as an example
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for proton fields arrangement. The area around the targets, where beam spots were
allowed, was laterally set to 10mm, while proximal and distal margins for beam spots
were set to be 3-4mm and 6.5 mm, respectively, based on the water equivalent depth
between energy layers in the direction of the beam. The body structure was expanded by
1 cm from patient skin to allow the optimizer to put spots at the surface of the patient and
to improve accuracy of dose calculation to the skin. The minimum air gap between snout
(including range shifter) and body structure was set to 8 cm for oblique anterior fields and

15 cm for oblique posterior fields.

Figure 5.2 Proton fields arrangement, a patient case study. This proton plan comprises
three fields: 200 degree of gantry, 270 degree of gantry with 30 degree of couch, and 50

degree of gantry with 270 degree of couch.
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5.2.4 Robust Evaluation

For the robustness evaluation, the same uncertainty scenarios (i.e., 3mm and +3.5%) in
robustness optimization have been employed. DVHs were calculated for all proton plans,
where 12 different uncertainty scenarios have been involved herein, i.e., the range
uncertainty of +£3.5% for proton plans and +3 mm setup error in three dimensions. Using
a Matlab script built in-house, the robustness of each proton dose painting plan was then
evaluated. I generated all potential error scenarios for both setup and range uncertainties

and examined the perturbed dose distribution of the nominal plans.

Hakansson et al. employed the width of the DVHs variation from all uncertainty scenarios,

defined as R, to evaluate the robustness of proton plans [250].

R = |Dhighest - Dlowestl (5.1)

where Dpjghest and Djgwest means the highest and lowest dose values of different dose
metrics among 12 scenarios. For example, the highest and lowest value for the CTV Doso,
among 12 scenarios is used as an indicator to compare the robustness of different plans.
The smaller the value of the robustness (R) is, the lower the variation will be in DVH

under uncertainty, leading to a more robust plan [181], [251].

5.3 Results

Following the proposed proton dose painting method, the SIB doses were delivered to
BTV, where the high-risk area of tumor were defined by functional imaging and the TCP

model. I then evaluated whether the dose in targets achieved the requested dose levels,
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and how much the dose was delivered to OARs after preforming proton treatment. TCP
maps were then calculated by combining the dose distribution maps generated from
proton dose painting plans with the cell density maps generated from ADC maps. In
addition, quantitative comparisons in terms of SIB doses, TCP improvement and OAR
dose levels were discussed. Finally, robustness evaluation of the proposed proton dose

painting treatment has been presented.

5.3.1 SIB Doses and TCP Improvements

Table 5.1 shows the boosted doses using in proton dose painting plans, and TCP increases
in both photon and proton dose painting plans, using the regression line (i.e., Equation
4.1) and 95% confidence interval between ADC values and cellularity shown in Figure
4.1. We first use radiosensitivity parameters based on in-vitro biological experiments («

=0.292, f =0.010) [241] to analyse proton dose painting plans (ProtonDPbio). To the

best of our knowledge, there appears to be a lack of proton radiosensitivity parameters
from clinical trials. However, in the previous chapters, the radiosensitivity parameters for
photon RT are from clinical trials. Since the typical relative biological effect (RBE) of
protons relative to photons is 1.1 [1], we simply use the a and S as photon RT (a =0.12,
B =0.015) to further analyse proton dose painting plans with radiosensitivity parameters
from clinical trials (ProtonDPcii). The SIB doses derived from the regression line for
ProtonDPuii are from 63.60Gy to 76.80Gy, which are the same with the SIB doses for
photon dose-painting plans. This is because SIB doses are defined as doses capable of
improving the minimum TCP in the BTV to the median TCP value of the entire tumor.
When using the same a and S values, the TCP distributions remain the same as those in

the original clinical plans. The SIB doses derived from the regression line for ProtonDPbio
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are from 64.18Gy to 77.67Gy for the patients’ cohort, which was generally higher than
the SIB dose for photon dose painting plan. The TCP increases are comparable between
the ProtonDPci and photon dose painting plans versus the original clinically delivered
photon plans, although ProtonDPuii’s are slightly inferior. This makes sense since less
doses are delivered outside of the BT Vs in ProtonDPuii than those in photon dose painting
plans due to proton’s Bragg Peak. As for TCP increases of ProtonDPbio, compared with

the original clinically delivered photon plan, the TCP values are increased up to 34.25%.

Figure 5.3 is the histogram distribution with the TCP values from all voxels in the photon
(in green) and proton (in blue) dose painting plans for one patient as an example case.
The purple part in Figure 5.3 indicates the TCP histogram distribution of the original
clinical photon plan. For this patient, TCP values in each pixel are from 70.18% to 92.58%.
Purple columns represent the TCP distribution from the original clinical photon plans.
Using the proposed method, the TCP values are increased to the range between 87.92%
and 99.20%, plotted in green columns. Blue columns represent TCP values in ProtonDPbio,
where TCP values ranging between 99.15% to 99.98%. Light blue columns represent

TCP values in ProtonDPcii, where TCP values ranging between 87.24% to 99.05%.
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Table 5.1 Results of SIB doses and TCP increases for photon and proton dose painting

plans, respectively.

TCP increase (%)
SIB dose SIB dose
for for Photon dose Proton dose Proton dose

pr ot.on.dose prot_on.dose painting painting painting

painting painting (@=0.12, (@=0.12, (@=0.292,
(@=0.12, (@=0.292, B=0.015) B=0.015) =0.010)

B=0.015) B=0.010) vs. vs. vs.

original clinical original clinical original clinical
plan plan plan
66.60* 67.96° 13.772 13.242 17.632

[66.23, 66.89]"

[67.28, 68.49]"

[12.08, 16.09]®

[11.67, 15.29]®

[15.30, 22.29]"

63.60 64.18 7.19 6.28 14.39
[63.25, 63.64] [63.54, 64.25] [6.52, 9.61] [5.63, 8.27] [14.01, 15.69]
66.60 67.39 7.90 7.87 13.62
[66.21, 66.68] [66.68, 67.54] [7.12, 10.58] [6.89, 10.17] [13.29, 14.77]
67.19 68.43 8.56 6.37 15.37
[66.83, 67.43] [67.77, 68.88] [7.95, 11.90] [6.06, 7.76] [14.48, 16.08]
63.90 65.10 7.57 6.95 12.16
[63.40, 64.13] [64.18, 65.51] [7.25, 11.08] [6.00, 7.25] [10.33, 12.33]
76.80 77.67 8.90 8.32 14.99
[76.28, 76.85] [76.71,77.76] [7.98, 11.76] [7.45, 10.98] [13.85, 17.45]
68.02 69.51 13.64 17.82 34.25

[67.79, 68.40]

[69.09, 70.23]

[12.65, 19.46]

[16.54, 29.65]

[32.10, 35.36]

73.20 74.71 7.24 6.01 11.39
[72.98, 73.62] [74.31, 75.49] [6.96, 10.50] [5.87, 6.99] [10.97, 15.39]
68.70 70.08 8.07 7.03 11.99
[68.31, 68.98] [69.36, 70.60] [7.62, 11.39] [7.00,9.41] [11.95, 14.59]
70.20 71.62 16.84 16.84 24.44

[69.89, 70.53]

[71.05,72.22]

[15.46, 23.36]

[15.47, 23.36]

[22.90, 29.51]

% Values shown at this position for patients 1-10 indicate the SIB dose and TCP increase
derived from Equation 4.1.

b: Ranges shown at this position for patients 1-10 indicate the SIB dose and TCP increase
derived from the confidential bound in Figure 4.1.
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Figure 5.3 TCP distributions with different optimisation strategies in photon and proton

radiotherapy.
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5.3.2 Doses to Target and OARs

Dose color wash images of a patient illustrated the typical qualitative difference in dose
distribution between photon and proton dose-painting plans, as are shown in Figure 5.4.

Large normal tissue volumes in the proton plans could be spared from the low dose bath.

(a) Dose > 0Gy

(b) Dose > 30Gy

(c) Dose > 60Gy

Figure 5.4 Dose distributions of photon dose painting plan (left column) and proton dose

painting plan (right column) for an example patient case.
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The target coverage and constraints for OARs were reachable in proton dose painting
plans. For the dose to target, several dose/volume metrics (e.g., Dos%, Dose, mean and
D2%) were used to evaluate the treatment plans, where the target coverage was reported
with regards to the percentage of the prescription dose to a certain volume. Taking Dosy
as an example, it means dose levels exposed on 98% of BTV volume should be over 90%
of the prescription dose. Other metrics’ requirements have been elaborated in Table 5.2.
It is demonstrated that all the doses’ levels to targets are satisfied. As was shown in Table
5.1, SIB doses for proton dose painting using different a and f are reported separately.
As for CTV, since both proton and photon dose painting plans were performed with the
same standard prescription dose (60Gy), dose levels to CTV in both techniques were

compared, with almost the same dose coverage.

For the doses to OARs, the maximum dose to all OARs were reported in Table 5.2. In
addition, another dose metric Do.1cc representing the dose level corresponding to 0.1 cm?
of the brainstem was also evaluated. Table 5.2 demonstrated a significant drop in terms
of radiation doses to all OARs in the proton dose painting plan among 10 patients,
particularly for OARs related to visual pathway, almost zero doses exposed. Moreover,
the mean dose levels in non-tumor tissues have been evaluated, leading to around 2 times

dose reduction versus photon dose painting plans.
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Table 5.2 Results of dose coverage in original plan and does painting plans (the range

shown the table represents the median, lowest and highest values among 10 patients).

Proton dose
Original clinical  Photon Dose

painting
Dose/volume Required plan painting plan
Structure plan
metric dose
Median [range]
97.98%
Dosge, >90% \ [95.13%, \
99.82%]
98.52%
Dose, >95% \ [96.60%, \
100.29%]
BTV_photon
100.00%
mean =100% \ [99.52%, \
101.41%)]
101.37%
Dy, <110% \ [100.26%, \
102.60%]
97.87%
Dose, >90% \ \ [95.80%,
99.34%]
98.34%
Dose, >95% \ \ [97.20%,
99.55%]
BTV_proton
100.00%
mean =100% \ \ [99.12%,
100.34%)]
101.35%
Doy, <110% \ \ [100.17%,
102.70%)]
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101.05% 99.68% 98.77%
Dogy >90% [99.46%, [97.41%, [91.50%,
104.45%] 102.58%] 99.79%]
CTV
101.45% 100.66% 99.20%
Dosv, >95% [100.00%, [98.08%, [97.02%,
104.76%] 103.44%] 100.54%]
97.65% 98.26%
Dogs, >90% [95.90%, [92.10%, \
100.80%] 99.22%]
PTV
100.05% 99.20%
Dosv >95% [98.59%, [97.75%, \
101.09%] 101.09%]
53.94 52.40 37.08
max 60Gy
[3.48, 58.68] [4.44,56.17]  [3.89,49.20]
Brainstem (Gy) 26.24
53.65 50.98
DO0.1cc 55Gy [2.78,
[3.48, 57.00] [4.52, 54.82]
43.89]
Optic nerve left 11.95 13.45 0.03
max 50Gy
(Gy) [1.30, 46.93] [1.83,34.31]  [0.00,20.50]
Optic nerve 16.63 15.48 0.23
. max 50Gy
Right (Gy) [1.28, 52.85] [1.43,48.46]  [0.00,29.85]
Optic chiasm 29.82 27.64 2.39
max 55Gy
(Gy) [1.91, 54.37] [2.67,54.82]  [0.05, 49.62]
13.57 13.92 0.00
Eye left (Gy) max 45Gy
[1.21, 54.48] [1.78,44.42]  [0.00, 38.64]
. 1o 15.87 18.64 0.00
Eye right (Gy max y
[1.11, 60.91] [1.30,44.03]  [0.00,38.51]
6.55 4.04 0.00
Lens left (Gy) max 10Gy
[0.69, 8.33] [0.85,8.31] [0.00, 3.09]
Lens right (Gy) max 10Gy 6.81 6.40 0.00

148



[0.73, 8.21] [0.75,9.65]  [0.00, 4.67]

Non-tumor tissue 6.81 7.23 3.92

(body minus mean reported

PTV) (Gy) [3.24,12.65] [4.55, 16.64] [2.35,7.72]

5.3.3 Robustness Evaluation

In this section, robust evaluation for proton dose painting plans has been investigated,
which is a necessary approach to evaluate proton plans since the technique of proton
treatment is susceptible to range and set-up uncertainties. Table 5.3 represents the dose
levels in nominal plans and the dose range arising from 12 robust evaluation scenarios,
where the lowest and highest values are defined as D™ ., and D™%* . respectively.
Dose values to BTV _proton and CTV have been collected. The results demonstrated that
doses to targets have been satisfied by the requirement of dose/volume metrics (e.g., Dos,
Dos%, mean and D2%) in 12 uncertainty scenarios. Table 5.4 represents the results of robust
evaluation for selected OARs, including brainstem, optic chiasma, optic nerves, eye
globes and lenses. All nominal treatment plans and 12 uncertainty scenario plans
demonstrated that in OAR doses were within the prescribed tolerance limits. These make

sense since the proposed proton dose painting plan followed the principle of robust

optimization by adopting range and positional uncertainties, as discussed in Section 5.3.3.
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Table 5.3 Dose coverage for BTV and CTV from the complete proton dose painting plans

of all patients.
Dose levels in nominal plans and [D™F, . D™3% | (Gy)
Patient
BTV_Proton CTV
Dosy, Dosv, mean Das, Dosy, Dosy,
67.24 67.45 67.95 68.67 59.60 61.02
1 [66.63, [66.94, [67.79, [68.57, [59.31, [60.82,
67.14] 67.96] 68.05] 69.08] 59.72] 61.12]
63.68 63.78 64.23 64.58 59.64 60.35
2 [63.27, [63.37, [63.93, [64.38, [59.24, [60.14,
63.57] 63.68] 64.24) 64.68] 59.64] 60.35]
66.88 66.98 67.44 67.90 59.45 60.75
3 [65.96, [66.27, [67.13, [67.70, [59.25, [60.55,
66.88] 67.08] 67.60] 68.21] 59.45] 60.75]
67.73 67.83 68.49 69.25 58.87 60.70
4 [66.91, [67.32, [68.24, [68.95, [55.40, [60.19,
67.52] 67.73] 68.45] 69.25] 60.19] 60.80]
64.49 64.61 65.11 66.32 59.79 60.21
5 [62.25, [63.78, [64.84, [65.41, [57.28, [58.09,
64.59] 64.69] 65.23] 66.32] 63.79] 66.13]
74.84 75.65 77.13 79.29 58.96 59.36
6 [69.68, [72.51, [76.42, [78.48, [52.49, [58.25,
74.23] 75.24] 76.99] 79.79] 59.06] 59.57]
68.88 68.98 69.65 70.31 59.20 59.40
7 [68.16, [68.57, [68.68, [70.10, [58.00, [59.20,
68.57] 68.88] 69.61] 71.94] 59.30] 59.50]
73.66 73.97 74.73 75.50 60.19 60.50
8 [71.52, [72.33, [74.25, [75.39, [59.48, [50.40,
73.05] 73.46] 74.64] 75.70] 60.30] 60.70]
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68.86 59.06 70.13 71.00 58.35 60.29
9 [67.12, [67.94, [69.68, [70.69, [55.39, [58.55,
68.65] 69.16] 70.31] 71.20] 59.88] 60.59]
70.80 70.94 71.63 72.84 62.20 62.75
10 [70.09, [70.40, [71.28, [72.23, [59.80, [60.50,
70.80] 71.01] 71.79] 73.25] 61.80] 62.50]

Table 5.4 Dose levels to OARs from the complete proton dose painting plans of all

patients.
Dose levels in nominal plans and [D}op,se, Drobuse] (GY)
Non-
) ) tumor
Optic  Optic ) )
) Optic Eye Eye Lens Lens tissue
Patient Brain stem nerve  nerve ) ) )
chiasm left right left right  (body
left right )
minus
PTV)

Dmax Dot Dmsx Dmx Dmax Dmax Dmax Dma Dmax Dim

4800 3890 000 000 000 000 000 000 000 647

1 [34.70, [26.60, [0.00, [0.00, [0.00, [0.00, [0.00, [0.00, [0.00, [6.01,
59.35] 53.30] 0.00]  0.00]  0.00] 0.00] 0.00] 0.0] 0.00] 7.01]

640 440 000 000 180 030 000 000 000 238

2 [1.60, [1.00, [0.00, [0.00, [0.30, [0.00, [0.00, [0.00, [0.00, [2.26,
17.64] 13.60] 0.40] 0.00]  6.10]  0.80]  0.00] 0.00] 0.00] 2.51]

900 7.0 000 040 020 000 000 0.00 000 3.58

3 [3.40, [1.40, [0.00, [0.00, [0.00, [0.00, [0.00, [0.00, [0.00, [0.53,
22.30] 18.30] 0.00] 2.50]  1.50]  0.00]  0.00] 0.00] 0.00] 3.86]

4840 46.10 080 47.92 4780 000 630 000 020  4.90

4 [44.90, [43.50, [0.20, [43.40, [41.00, [0.00, [2.90, [0.00, [0.10, [4.52,
5230] 50.30] 2.50] 52.00] 52.70] 0.00] 22.50] 0.00] 0.50] 5.28]

5340 5213, 1567 799  47.00 0.1 034 000 000 3.92

5 [52.60, [52.29, [7.50, [3.60, [43.80, [0.00, [0.10, [0.00, [0.00, [3.67,
5520] 57.41] 27.30] 14.60] 52.00] 0.40]  0.70]  0.00] 0.00] 4.14]
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5170 4670 1420 1620 2640 2230 3940 3.00 330  2.40
6 [39.82 [32.87, [6.90, [7.30, [17.90, [14.50, [29.00, [1.20, [2.10, [2.19,
58.00] 56.00] 28.20] 30.00] 49.00] 33.10] 49.50] 6.70] 5.90] 2.65]

5070 4415 530 000 2210 000 000 000 000 7.5

7 [42.90, [34.80, [2.70, [0.00, [13.00, [0.00, [0.00, [0.00, [0.00, [6.54,
5590] 52.30] 9.90]  0.00] 35.70] 0.10]  0.00] 0.00] 0.00] 8.01]

1330 1070 000  0.10 620  0.00 080 000 000 194

8 [5.63, [4.33, [0.00, [0.00, [2.10, [0.00, [0.I1, [0.00, [0.00, [0.29,
26.10] 21.98] 0.50] 0.70] 14.90] 0.00]  2.43] 0.0] 0.00] 2.09]

5170  49.12 0.0 49.11, 5090 0.00 833 000 030 428

9 [8.10, [7.00, [0.00, 11.70, [6.70, [0.00, [3.90, [0.00, [0.00, [0.59,
56.42] 53.39] 0.30] 50.60] 51.52] 0.10] 17.23] 0.00] 1.40] 4.59]

292 216 000 030 004 000 000 000 000 3.50

10 [1.00, [0.60, [0.00, [0.00, [0.00, [0.00, [0.00, [0.00, [0.00, [3.29,
10.00] 8.00] 0.00] 0.00] 0.50] 0.0] 000] 0.00] 0.00] 3.91]

Treatment planning and delivery in proton and photon RT are susceptible to inevitable
uncertainties, set-up and range uncertainties in proton plans while only set-up
uncertainties in photon plans. I now investigate the robustness comparison between
proton and photon dose painting plans by using the width of the DVHs variation, R, as
has been introduced in Equation 5.1.

In Table 5.5, for doses to targets, the R values related to CTV were smaller in the proton
dose painting plans in terms of Dosy with the statistical difference (P<0.05), resulting in
higher robustness compared to photon dose painting plans. As for Dosv%, there is no
statistical difference between proton and photon plans.

For doses to OARs, since the extremely low dose levels were delivered to OARs related
to visual pathway, their R values were smaller in the proton plans with the significant
statistical difference (P<0.001). Therefore, proton dose painting plans are more robust
than photon dose painting plans for OARs on the visual pathways. However, the R values

for brainstem is larger than in proton dose painting plan with P<0.001. This is because if
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an OAR is close to the tumor target, a significant dose variation will be observed in such

OAR due to the range uncertainty in proton therapy, and for the patients’ cohort enrolled

in this chapter, most patients’ tumors are close to brain stem.

Table 5.5 The comparison of robust evaluation between the photon dose painting plans

and the proton dose painting plans (lower R values with statistical difference are displayed

as bold; and the range shown the table represents the median, lowest and highest values

among 10 patients).

Dose/volume Photon robustness Proton robustness  p-value
Structure .
metric Median [range]
Dosgos 4.33 [4.06, 5.24] \ \
Dosos 3.01 [2.46, 4.42] \ \
BTV_photon mean 1.72 [1.39, 2.52] \ \
1.18
D2% \ \
[0.96, 1.74]
Dosy, \ 1.22[0.30, 4.55] \
Dosv \ 0.97[0.30, 2.73] \
BTV_proton
mean \ 0.43[0.21, 0.63] \
D2% \ 0.51[0.30, 1.31] \
Dosos 4.53[3.31,7.51] 3.24 [0.20, 6.57] 0.015
CTvV
Doso 1.08 [0.88, 1.59] 1.31[0.20, 10.30] 0.58
Dosy, 7.59[7.11, 9.18] \
PTV
Dosv, 2.57[2.09, 3.78] \
max 1.09 [0.89, 1.61] 14.50 [5.30, 24.60] <0.001
Brainstem
DO0.1cc 2.07 [1.31, 2.37] 14.75 [4.80, 26.70] <0.001
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Optic nerve

lef max 16.45[15.03,18.74] 0.45 [0.00, 21.30] <0.001
eft
Optic nerve
max 18.99 [17.21,21.64] 1.60 [0.00, 22.70] <0.001
right
Optic
max 30.40 [26.62,37.48] 9.75 10.00, 31.10] <0.001
chiasm
Eye left max 12.51[11.43,14.25] 0.05 [0.00, 18.60] <0.001
Eye right max 10.85 [9.34, 12.36] 0.30 [0.00, 20.50] <0.001
Lens left max 7.62[7.15,9.22] 0.00 [0.00, 5.50] <0.001
Lens right max 7.18 [6.74, 8.69] 0.00 [0.00, 3.80] <0.001
Non-tumor
tissue (body mean 0.15[0.10, 0.20] 0.56 [0.25, 1.47] <0.001
minus PTV)

5.4 Discussion

GBMs are difficult to manage because of the complex anatomy and sometimes they are
close to sensitive OARs. A proper RT treatment is necessitated, where higher dose levels
can be delivered to tumor area while low dose levels to OARs. Proton therapy has the
potential to address this issue for GBM due to its Bragg peak characteristic. Several
studies have conducted clinical trials and reported that proton beam therapy could control
GBM pathogenesis if the treatment area completely covers tumor infiltration [252].
However, to the best of our knowledge, there is no quantitative imaging-based proton
dose painting plan for GBM. In this chapter, the dose painting technique described in the
previous chapter was combined with the proton therapy to further optimise the dose

distribution for proton. I presented the first dose painting method for GBM in proton
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therapy which combines DW-MRI and voxel-level TCP maps for the improvement of
tumor control and OARs protection. 10 newly diagnosed GBM patients were enrolled in
this chapter to illustrate proton dose painting. The results showed that proton dose
artworks were superior to photon treatment in terms of the constraints placed on the OARS’
dosage and the TCP increase. Extensive discussions have been provided for the

robustness evaluation of both photon and proton dose painting plans.

Compared with the photon dose painting plans, ProtonDPbvio have higher tumor control
probability. This is because SIB doses to BTV_proton are slightly higher than those used
in photon plans, and radiobiological characteristics of proton beam leads to high TCP in
proton therapy, which are characterised by a and f in proton TCP models. On the other
hand, TCP increases in the ProtonDPuii are slightly inferior than photon dose painting
plans although the SIB doses are the same. This is because less doses are delivered outside
of the BTVs in ProtonDPucii than those in photon dose painting plans due to proton’s Bragg
Peak. Lower doses to OARs, especially in visual pathway, were demonstrated in proton
dose painting plans. Moreover, the doses to non-tumor tissue (body-minus-PTV) were
reduced by about 40% in the ProtonDPunic compared with photon dose-painting plans.
Therefore, the normal tissue complication probability and toxicities related to radiation
therapy of GBM, e.g., nausea and vomiting due to brain radiation damage, can be reduced.
There is, however, for small number of patients, no significant difference between photon
and proton dose painting plans in terms of the delivered doses in OARs close to the target,
such as the brain stem, due to the tradeoff necessary to obtain robust coverage of target
structures. Securing fair comparison of photon and proton dose plans, in terms of target
coverage in the presence of clinically relevant uncertainties, is a general issue in dose

plan comparisons. The target coverage doses (Dos% to BTV _proton and BTV_photon)
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were higher in the photon plans. However, it is important to note that all proton plans had
the required dose coverage of BTV and CTV (60Gy) in all uncertainty scenarios

considered (Table 5.2).

Gondi et al. conducted a clinical trial for proton dose painting (NRG BNO001) for GBM
[240] and escalated the dose of 75Gy to the GTV area. The results of this trial have not
been released yet, however, some hypotheses suggested that the increased conformality
may result in fewer toxicities, particularly related to lymphopenia which is associated
with overall survival in GBM [240]. Mirroring current photon clinical trials that have
employed over 70Gy and even 80Gy for GBM RT, as summarized in Table 2.6 and Table
2.7 in Section 2.2. The optimized proton and photon dose levels presented herein work

accordingly with the reported GBM clinical trials.

In the current practice of photon RT, only set-up error uncertainties are considered and
dealt by providing margins around the CTV and critical organs, thus creating PTV and
PRV, as recommended by the International Commission on Radiation Units and
Measurements (ICRU) report 83 [17]. However, treatment planning and delivery in
proton RT are susceptible to both range and set-up uncertainties. To mitigate such
uncertainties, CTV-based robust optimization incorporating both set-up and range
uncertainties, has been widely adopted in the procedure of plan optimisation. Compared
to PTV-based optimisation, robust optimisation not only improves the robustness of the
treatment plan, but also reduces the dose to normal tissues [245], [253]. There are several
reasons for this phenomenon: (1) the robust optimisation integrated range uncertainties
specific to protons to better exploit the clinical potential for proton therapy; (2) the

conventional optimised prescription dose covers the PTV, whereas the robust optimised
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prescription dose covers the CTV in the presence of deviations, and the volume of the
PTV is larger than the CTV, therefore, robust optimisation provides better protection to
normal tissues. Consequently, robustness evaluation is considered as an integral
component of decision making in proton treatment plan. In this chapter, the robust
optimisation and evaluation integrated range and position uncertainties specific to protons
have been presented to better exploit the clinical potential for proton therapy. The results
demonstrated that doses to targets and OARs are all satisfied by dose/volume
requirements, providing a complete approach to find the right balance between target

coverage and OAR sparing.

The robustness evaluation has been compared between proton and photon dose painting
plans by using the width of the DVHs variation, R. The robustness of proton dose painting
plans in terms of CTV Dosy and OARs related to visual pathway are better than photon
dose painting plans, with statistical differences. However, the brainstem’s robustness of
proton plans is lower than photon plans. It is because, for OARs sparing, the compromise

is required between doses to OARs close to the target and the robustness of target dose.

The combination of the observed uncertainty and the sensitivity of proton max doses to
anatomical changes, urge for great care if pursuing proton dose-painting for GBM. Daily
imaging, preferably in 3D, would be warranted, as well as adaptive robust optimization

during the course of treatment.
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5.5 Conclusion

In conclusion, this chapter showed that proton dose-painting plans can be optimized with
a quality comparable to photon dose-painting plans, but with different merits. The results
are in line with expectations considering the physical properties of the proton beams.
Applying SIB doses to BTV defined by quantitative imaging and proton TCP model, up
to 34.25% increase in TCPs have been observed, compared with the original clinical
delivered photon plans. Doses to OARs and non-tumor tissues have been decreased,
almost 0Gy to OARs related to visual pathway. The robustness was generally higher in

the proton plans in terms of target dose and most OARs.
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Chapter 6

Conclusion and Future Work

6.1 Summary of Contributions

Brain tumor treatments requiring novel dose assigning techniques especially those
featuring personalised optimisations that can be applied to an individual patient, have
been increasingly popular. Personalised prescribed doses used for treatment planning can
be varied owing to the radiobiological characteristics and radiotherapy technologies (e.g.,
photon or proton). To solve this problem, in Chapter 2, I summarize the current research
status and consequently propose three techniques for prescription dose optimization in

Chapters 3-5. In this thesis, I first ask:

e Can a personalised proscription dose be calculated by investigating the biological
models, i.e., TCP and NTCP models, achieving higher therapeutic ratios while

protecting the normal organs at risk within the radiation thresholds?

In Chapter 3, I have proposed an optimization of prescription dose based on a
radiobiological model, paving the way for personalized optimization and treatment. Since
TCP and NTCP models can transfer the physical dose to biological effect, they are
employed to construct a dose-optimization model. Among 17 patients, the results show

that the prescription doses to 11 patients have been increased to improve the therapeutical
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ratio, and the radiation doses to OARs are all increased but still within their tolerance.
The prescription doses to the remaining 6 patients are decreased for the improvement of
therapeutical ratios. For these patients, some OARs exceed the tolerance under the
original prescription dose, while OARSs’ tolerances are satisfied, and all the normal tissues
can be better spared when the optimized prescription dose is applied. By use of the
optimized dose, a higher therapeutic ratio is achieved, and OARs are protected, which is
especially meaningful for larger tumors and tumors close to OARs. This proposed method

can be used as a design scheme for clinical trials.

I have studied different types of brain tumors. The results reveal that to increase the
therapeutic ratio, there will be a reduced prescription dose versus the original one, when
a tumor is extremely near to OAR. However, since highly aggressive tumors such as
GBM are resistant to insufficient radiation doses, their tumor control will be poor.
Therefore, a more practical way is to define risk of progression within the tumor by
considering the tumor’s heterogeneity. Only boosting doses to the high-risk area can
avoid dose increasing to the surrounding OARs. Since GBM accounts for the largest
proportion (46.6%) of all types of brain tumors [254], I study the optimization of
prescription doses for GBM patients. The proposed dose prescription prediction method
features a heterogeneous irradiation analysis by using quantitative medical imaging and
the TCP model. Even though the whole-tumor-based TCP values has been calculated for
dose optimization, the radiobiological variabilities amongst and within patients can affect
the treatment outcome of radiotherapy. Medical imaging can bring patient-specific
information into the models, as presented in Section 2.2, describing intra-patient

heterogeneity at the voxel scale. I therefore asked:
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e C(Can medical imaging-based biomarker be introduced to enable a personalized
radiobiological model to calculate the voxel-level TCP that corresponds to the

planned dose distribution for each patient treatment?

In Chapter 4, I have proposed a personalised dose painting method to escalate the dose
focally at specific intratumoural areas, which indicate a higher disease burden according
to the quantitative medical imaging, in order to increase TCP values. For the enrolled 10
GBM patients, ADC-driven dose painting is used to increase the dose to a specific
location in the GTV. TCP increases can be obtained without violating OAR tolerances.
In the proposed method, patients with a higher number of tumor cells, i.e., lower TCP
vaules, have a higher possibility for TCP rise. Furthermore, ADC has been shown to be
an imaging cellularity biomarker that can be used to select patients and guide dose
escalation in a personalised manner. The proposed method is able to achieve an up to
16.84% increase in TCP for the patient cohort by increasing the prescription doses to
tailored levels using a SIB to each patient’s BTV without exceeding the dose tolerance of
the OARs. This is feasible due to the fact that higher doses increase the death of tumor
cells [214], [215]. The proposed technique boosts the prescription doses by 6.50% to

28.00% in the portion of the tumor that has a higher cell density in the patient group.

Studies presented in Chapter 4 have demonstrated that for personalised photon irradiation
a greater dose is delivered to certain parts of the tumor, resulting in an increase in TCP,
and that the dose of OARs does not exceed their dose limits. Proton radiotherapy
treatment can deliver a far lower dose to healthy tissues around the tumor than photon
radiotherapy because of its characteristic “Bragg” peak. The risk of radiation damage to

healthy tissues in the surrounding area is lowered. As a result, we can attain a higher
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therapeutic ratio by using proton radiotherapy. This observation leads to the third research

question I aim to address:

e How is it possible to perform personalised proton dose painting by using proton

radiotherapy properties in the treatment of brain tumor patients?

In Chapter 5, proton dose-painting plans have been optimised, along with quality
comparison with photon dose-painting plans, by using distinct features in proton
radiotherapy. Given the physical properties of proton and photon beams, the experimental
results are in accordance with expectations. Proton plans are generally more robust in
terms of target dosage, resulting in lower doses to most OARs and non-tumor tissue than
photon plans. The expected advantages of proton therapy compared to photon therapy are
higher tumor control probability and lower the complication probability of OARs in terms
of brainstem and visual pathway. The doses are boosted up to 21.6% to the high-risk area.
Up to 34.25% increase in TCP values have been demonstrated compared with the original
clinically delivered photon plans. In most cases of my patient’s cohort, the doses to visual
pathway are almost 0Gy. The known toxicities related to radiation therapy of GBM, e.g.,

nausea and vomiting due to brain radiation damage, are reduced.

6.2 Future Work

I have identified several promising directions for future work based on my research

conducted in this thesis.

1) Adaptive dose painting techniques incorporated with machine learning
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To precisely deliver the RT treatment, patients’ anatomy and biology knowledge during
treatment is necessitated, as uncalculated deviations may affect the treatment success.
Adaptive radiotherapy is a framework that modifies variations during the treatment
course [255]. At RT planning stage, DW-MRI can be used to assess the tumor areas that
are easy or hard to control. Apart from DW-MRI, there are other quantitative imaging
techniques to measure tumor or tissue functions. For GBM, some studies have employed
magnetic resonance spectrum imaging (MRSI) to define the high-risk areas by measuring
chemical composition and metabolic activity of tissues [86-91]. Moreover, perfusion
imaging can provide information about tissue viability, vascularization and responses to
treatment by measuring blood flow within tissues [256]. Through perfusion imaging, we
can gain insights into the oxygenation levels and nutrient supply to tumors. This
information can facilitate identifying hypoxic regions within tumors, which are often
associated with resistance to RT. Personalized radiotherapy plans can then be tailored to
target these hypoxic regions, either by modifying the treatment regimen or by integrating
techniques (e.g., hypoxia-specific radiosensitizers). If the patients perform the same MRI
modality scanning after 1-2 weeks of radiotherapy, the change of corresponding
biomarkers after serval fractions of radiotherapy could be used to define radio sensitivity
and radio resistance. With the help of machine learning, the automatic contouring of high-
risk area can be implemented on the new series of MRI modalities, and fast automatic

treatment planning can be realized for the adaptive RT.

2) Linear energy transfer (LET)-painting proton therapy based on functional imaging

LET values indicate the ability of eliminating cells, higher LET values lead to more

irreparable damage [257]. Compared with photon beams, proton beams have high LET
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values. Therefore, how to guarantee the high LET proton beams onto the tumor volume
is a hot research topic in proton therapy. Current intensity-modulated proton therapy
(IMPT) plan may cause high LET in normal tissues instead of target volumes due to the
range uncertainty and position uncertainty of proton beams. To address this issue,
researchers from the MD Anderson Cancer Center have studied the impact of
incorporating LET management directly into treatment planning [104]. Their results
showed that LET has been increased in target volumes and reduced in critical structures
compared with a conventional IMPT plan [104]. As has been mentioned in the previous
chapters of this thesis, using functional imaging can define the tumor area with high risk
of progression. Delivering the higher LET to such high-risk area would be feasible to

increase the treatment outcome and protect normal tissues.

3) Dose painting by numbers (DPBN) technique incorporated in standard TPS

Dose painting by numbers, also known as DPBN, is a technique that may give a
heterogeneous dose to a tumor voxel-by-voxel using a prescription dose derived from
biological medical imaging. However, current commercial treatment planning systems
(TPS) do not facilitate the planning of DPBN. In the future, it is worth exploring the
possibility of developing a planning system for clinical implementation of DPBN. In
particular, how to assign doses to the voxel level needs to be investigated. In this way, an
effective strategy for dose escalation based on biological optimizations can be presented

for further TCP improvement.
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6.3 Final Remarks

Through the work presented in this thesis, | have achieved significant advancement in the
combination of radiobiological mathematical models, quantitative imaging, photon and
proton radiotherapy dose painting techniques to enable personalised brain tumor
treatment planning. Several novel techniques for analysing the radiobiological
uncertainties and treatment planning optimisations are introduced and evaluated on brain
tumor patients. I have demonstrated a personalised radiotherapy plan, following a dose
painting method to escalate the dose focally at specific intratumoural areas, which shows
a higher disease burden, in order to increase the TCP. Proton radiotherapy properties have
also been investigated and employed for a personalised proton tumor treatment planning
along with robustness evaluation. The contributions of this thesis have the potential to
open up new research avenues in brain tumor radiotherapy, such as more adaptive dose

painting techniques, combined with machine learning and dose painting by numbers.
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