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Abstract

During high-energy radiation therapy, patients are exposed to a spectrum of secondary
neutrons that pose an iatrogenic cancer risk. This risk is qualitatively encapsulated by quantities
such as the International Commission on Radiological Protection’s neutron weighting factors.
These factors convey neutron relative biological effectiveness (RBE) for inducing stochastic
radiobiological effects and are characterized by a marked energy dependence. However, there
is lack of direct evidence as to the biophysical mechanisms underlying this energy dependence.

The overall goal of this thesis was to advance our understanding of the carcinogenic risk
posed by secondary neutrons to radiation therapy patients. This goal required knowledge of both
the neutron spectra encountered in radiation therapy and how those spectra cause radiobiological
effects. Therefore, two objectives were set:

1. Demonstrate the ability to accurately measure neutron spectra produced in clinically-
relevant scenarios.

2. Develop a Monte Carlo model to investigate the biophysical mechanisms underlying the
energy dependence of neutron RBE for stochastic effects.

Two studies were conducted pertaining to objective #1. In the first study, a Nested Neutron
Spectrometer (NNS) was used to measure and compare the neutron spectra produced by a 10
MV flattening-filter-free (FFF) beam and a conventional, flattened 10 MV beam. It was found
that the FFF beam reduced the neutron fluence by 30-40% per monitor unit (MU) without
appreciable change to the spectral shape. The primary cause of this reduction was found to be a
decrease in the number of electrons striking the linac bremsstrahlung target per MU, rather than
the removal of a source of neutrons in the flattening filter itself.

The second study was designed to address a lack of objectivity in the process of un-
folding raw NNS measurements into neutron spectra. The maximum-likelihood expecta-
tion–maximization (MLEM) algorithm that is used to unfold NNS measurements is an iterative
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process that requires a stopping criterion. Previously, the MLEM algorithm was terminated
after a fixed number of iterations based on subjective user input, resulting in both intra-user and
inter-user variations. In this study, an objective stopping criterion was developed that terminates
unfolding at an optimal number of iterations without user input.

Finally, a third study was conducted with regards to objective #2. The propensity of
radiation to induce clusters of DNA damage is widely believed to be the primary initiating event
for radiation-induced mutagenesis and subsequent carcinogenesis because clustered lesions
are difficult to repair and rarely occur endogenously. Thus, a Monte Carlo application was
developed to simulate the irradiation of nuclear DNA and score the resulting yields of clustered
DNA damage. Simulations were performed for neutron energies between 1 and 10 MeV and
a reference 250 keV x-ray radiation. The resulting neutron RBE for inducing clustered DNA
damage exhibited qualitatively similar energy dependence to the published neutron weighting
factors. This result was robust to a variety of simulation parameters, including low dose
irradiation, and thus provides fundamental biophysical evidence towards explaining the energy
dependence of neutron RBE for inducing stochastic radiobiological effects.

The spectral measurements and Monte Carlo modeling described in this body of work repre-
sent marked advancements towards understanding and characterizing the relative carcinogenic
risk posed by secondary neutrons to radiation therapy patients. This research was conducted in
the spirit of open science and, as such, the unfolding algorithm and Monte Carlo application
developed in this work were released under open-source licenses.



Résumé

Au cours des traitements de radiothérapie à haute énergie, les patients sont exposés à un
spectre de neutrons secondaires qui présentent un risque de cancer iatrogène. Ce risque est défini
par des quantités comme les facteurs de pondération des neutrons publié par la commission
internationale de protection radiologique (ICRP). Ces quantités décrivent l’efficacité biologique
relative (EBR) des neutrons provoquant des effets stochastiques et sont caractérisées par une
dépendance énergétique. Cependant, les évidences manquent pour expliquer les mécanismes
biophysiques sous-jacent de cette dépendance énergétique.

Le but de cette thèse était de faire progresser notre compréhension du risque cancérigène
posé par les neutrons pour les patients en radiothérapie. Ce but demande des connaissances
du spectre des neutrons rencontrés en radiothérapie et comment ces spectres causent les effets
radiobiologiques. Ainsi, deux objectifs ont été fixés.

1. Démontrer notre capacité à mesurer les spectres de neutrons qui sont produits dans des
scénarios pertinents en clinique de radiothérapie.

2. Développer des simulations de Monte Carlo pour étudier les mécanismes biophysiques
sous-jacents la dépendance énergétique de l’EBR des neutrons pour les effets stochas-
tiques.

Deux études ont été menées concernant le premier objectif. Dans la première étude, le
Nested Neutron Spectrometer (NNS) a été utilisé pour comparer les spectre de neutrons produits
par un faisceau de radiothérapie de 10 MV sans filtre égalisateur (FFF) et par un faisceau
conventionnel de 10 MV. Nous avons observé que le faisceau FFF réduit la fluence de neutrons
de 30 à 40% par unité moniteur (UM) sans modifier de manière significative la forme spectrale.
La principale cause de cette réduction est la diminution du nombre d’électrons incidents sur la
cible de bremsstrahlung du linac par UM.

La deuxième étude a été conçue pour aborder la subjectivité dans le processus de dé-
ploiement des mesures NNS en spectres neutroniques. L’algorithme vraisemblance maximale
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d’espérance-maximisation VMEM que nous utilisons pour déconvoluer les mesures NNS est
un processus itératif qui nécessite un critère d’arrêt. Dans le passé, nous arrêtions l’algorithme
VMEM après un nombre fixe d’itérations en fonction de l’avis subjectif de l’utilisateur, ce qui
entraînait un manque de reproductibilité. Dans la présente étude, nous avons mis au point un
critère d’arrêt objectif qui met fin au déploiement après un nombre optimal d’itérations et qui
ne nécessite pas l’intervention subjective de l’utilisateur.

Enfin, une troisième étude a été menée pour atteindre notre deuxième objectif. On pense
généralement que les dommages groupés à l’ADN causés par les rayonnements sont des
précurseurs de la mutagenèse et de la cancérogenèse, car ils sont difficiles à réparer et se
produisent rarement de façon endogène. Nous avons donc développé une application de Monte
Carlo pour simuler l’irradiation de l’ADN nucléaire et analysé les rendements des dommages
groupés à l’ADN induits par les rayonnements. Nous avons effectués des simulations avec des
neutrons ayant des énergies multiples entre 1 et 10 MeV ainsi que des photons de 250 keV pour.
Nous avons observé que l’EBR des neutrons pour l’induction de dommages groupés à l’ADN
présentait une dépendance énergétique qualitativement similaire aux facteurs de pondération
des neutrons de la ICRP. Ce résultat s’est montré robuste pour une variété de paramètres de
simulation et a donc fourni des preuves biophysiques fondamentales expliquant la dépendance
énergétique de l’EBR des neutrons induisant des effets stochastiques.

Les études décrites dans cette thèse constituent une avancée significative dans la caractérisa-
tion du risque cancérigène relatif posé par les neutrons secondaires aux patients en radiothérapie.
Nous reconnaissons l’importance du mouvement de la science ouverte et avons donc pub-
lié notre algorithme MLEM et notre application Monte Carlo sous des licences code source
ouvertes.
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Chapter 1

Introduction

1.1 Cancer

Cancer refers to a diverse class of diseases that can arise anywhere in the body and in humans
of all ages. Although cancer manifests itself in many forms, its physiology is characterized
by many distinct features known as the “hallmarks of cancer” [1, 2]. These hallmark features
give rise to malignant cancer cells that proliferate uncontrollably, can metastasize (i.e. spread
to other parts of the body), and ultimately act to disrupt healthy bodily functions. For many
types of cancer, the accumulation of cancer cells and associated physiological features (such as
dedicated vasculature) results in a solid mass called a tumour.

Cancer is responsible for the death of approximately 30% of all Canadians, making it the
leading cause of death in Canada [3]. The Canadian Cancer Society (CCS) projected there
would be 225,800 new cancer cases and 83,300 cancer deaths in Canada in 2020. Fortunately,
the mortality rates associated with cancer are declining. The current estimate based on data
from 2012 to 2014, suggests that the five-year survival rate among Canadians diagnosed with
all types of cancer is approximately 63% [3]. This result is up from 55% in the early 1990s and
from 25% in the 1940s [3]. These improvements in cancer survival rates are attributed to both
the earlier detection and diagnosis of cancer as well as advancements in treatment techniques
[4].

There are many cancer treatment modalities, which reflects the diversity in both the disease
itself and the individuals in which the disease presents. Systemic therapies such as chemotherapy
and hormonal therapy act on the entire body, whereas localized therapies like surgery and
radiation therapy are confined to a limited area of the body around the disease [5]. These
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four modalities are the most commonly used in cancer treatment. Chemotherapy involves the
use of drugs that traverse the bloodstream and preferentially attack rapidly-dividing cells like
cancer cells. Hormonal therapy encompasses various treatments designed to impact hormone
production in order to obstruct the development of cancers that require these hormones. Surgery
is used to resect a cancerous tumour and nearby tissue that may contain microscopic disease.
Finally, radiation therapy involves the use of ionizing radiation to kill cancer cells in a targeted
manner.

This thesis, and the studies contained herein, focus on radiation therapy. The remainder of
this chapter presents a broad discussion on radiation therapy as a cancer treatment modality
and builds towards a discussion of the challenges associated with secondary neutron radiation
produced during high-energy (≳ 8 MeV) radiation therapy. The chapter concludes with a
summary of the motivation and objectives of this work, as well as an overview of the remaining
chapters of this thesis.

1.2 Radiation therapy

It is estimated that radiation therapy is medically indicated for approximately 50% of cancer
patients [6]. Radiation therapy may be used concurrently with another form of treatment, as
part of a sequence of treatments, or on its own. If the intent of radiation therapy is to completely
eradicate the disease, it is said to be curative. Otherwise, radiation therapy may be used to
palliate symptoms of the disease, such as pain, in order to improve a terminal patient’s quality
of life.

Radiation therapy involves the use of ionizing radiation, which is any form of radiation with
sufficiently high energy to ionize atoms and molecules in an absorbing medium [7]. Charged
particles like electrons and protons are said to be directly ionizing radiation because they directly
deposit their energy in the absorber via Coulomb interactions. Neutral particles like photons and
neutrons, however, are considered indirectly ionizing radiation because they must first transfer
their energy to charged particles that subsequently deposit their energy in the absorber. All of
these types of ionizing radiation are encountered in radiation therapy.

The purpose of radiation therapy is to use ionizing radiation to selectively damage and kill
cancer cells. This is achieved by delivering a large amount of radiation, quantified using a
concept called absorbed dose (Section 2.4.3), to the site of the disease (i.e. the target volume).
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However, the fundamental challenge associated with radiation therapy is that radiation can also
cause biological damage to the healthy tissue surrounding the disease.

The biological effects of radiation are classified as deterministic or stochastic depending on
the number of cells that are damaged and thus on the dose of the exposure [8]. Deterministic
effects are characterized by a relatively large threshold dose, below which the probability of
occurrence is 0% and above which the probability rapidly increases to 100%. For example,
acute radiation syndrome occurs if the whole body receives more than a few gray of dose,
whereas organ-specific toxicities like xerostomia or pneumonitis occur when specific organs are
exposed to a dose above a particular threshold. An additional characteristic of deterministic
effects is that their severity increases with dose above the threshold.

Stochastic effects, such as carcinogenesis and other genetic effects, are considered late
effects because they may not physically manifest for a long time after exposure. These stochastic
effects are not associated with a threshold dose and do not increase in severity with increasing
dose. Rather, the probability of stochastic effects increases with increasing dose. In terms
of radiation protection, it is conservatively assumed that even damage to a single cell from a
low dose of radiation can result in a stochastic effect [8]. This is the underlying motivation
for the radiation protection paradigm to keep radiation exposure to healthy tissues As Low as
Reasonably Achievable (ALARA).

In consideration of the potential for adverse biological effects, the objectives of radiation
therapy are thus (i) to deliver a sufficiently high dose to the target volume and (ii) to minimize
the dose to healthy tissues (i.e. nontarget dose). A sophisticated workflow has evolved in
radiation therapy in order to achieve these two incongruous objectives, which is summarized in
Figure 1.1. The workflow begins by acquiring medical images of the relevant internal patient
anatomy while the patient is positioned in the same position that they will be in during treatment.
This treatment simulation process is typically performed using a CT simulator. The target
volume and organs at risk (OARs) near the target are then delineated on the acquired images
in a process known as contouring. Next, the contoured images are used to develop a radiation
treatment plan, typically using software that models the delivery of radiation to the patient’s
body by means of a radiation emitting device. This treatment planning step usually involves an
optimization process to develop a plan that optimally satisfies the treatment objectives. The
patient is then setup for treatment and imaged in order to verify and align their current position
with respect to their reference position at the time of simulation. Finally, the patient is treated
by delivering the treatment as planned.
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Figure 1.1 Overview of the radiation therapy workflow.

There are many different treatment delivery techniques applied in radiation therapy. The two
categories of treatment that are utilized for most radiation therapy patients are external beam
radiation therapy (EBRT) and brachytherapy. With EBRT, the patient is treated using one or
more beams of radiation produced by a radiation source external to the body. In brachytherapy,
one or more radioactive sources are inserted into the body in close proximity to the target
either permanently or for a short duration. EBRT typically delivers a larger nontarget dose than
brachytherapy because the radiation beam must pass through healthy tissue both before and
after reaching the target. Brachytherapy, however, is an invasive medical procedure that requires
considerably more time and personnel to deliver. This thesis is primarily concerned with EBRT
owing to the fact that neutron production only becomes relevant at radiation energies exceeding
∼8 MeV [7], which is predominantly the domain of EBRT.

1.3 External beam radiation therapy

In the past, EBRT beams were typically produced by a naturally radioactive source such as
60Co. Nowadays, the majority of EBRT treatments are delivered using one or more beams of
radiation generated by a particle accelerator. The most common particle accelerator used in
EBRT is the medical linear accelerator (linac), which is depicted schematically in Figure 1.2.
The process of generating a high-energy radiation beam with a linac begins with an electron
gun that emits low-energy electrons from a heated cathode [9]. These electrons are passed
through a waveguide that accelerates the electrons to high energies (∼ MeV) using high power
radiofrequency (RF) fields. The resulting high energy electrons are transported to the linac
treatment head wherein a viable clinical beam of radiation is generated.

Most linacs are capable of generating either photon beams or electron beams. To generate
a photon beam, the high energy electrons are directed onto a metallic bremsstrahlung target
in which the electrons interact and generate a broad photon beam (the bremsstrahlung process
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Figure 1.2 Simplified schematic of a medical linear accelerator (linac). Figure adapted from
Podgoršak [9].

is described in Section 2.1.2). A variety of metallic components called collimators are then
used to reshape the beam profile to the desired shape and fluence. First, the primary collimator
establishes a circular radiation field. The profile of the beam is then made uniform (i.e. flattened)
using a flattening filter in order to facilitate accurate dose calculations in the treatment planning
process. The rectangular size and shape of the beam (i.e. the treatment field) are then defined
by using two large sets of orthogonal jaws. Finally, the shape of the beam is fine-tuned using a
multileaf collimator (MLC) that is comprised of a motorized array of small, metallic “leaves”
before exiting through the field opening. To generate an electron beam, the bremsstrahlung
target is removed from the beam path and the flattening filter is replaced with a scattering foil
that converts the incoming narrow electron beam into a broad beam. Additionally, the MLC is
replaced by a cutout collimator placed in close proximity to the patient. A schematic of the linac
treatment head components that are used to generate a photon beam is shown in Figure 1.3.

Linacs are typically able to generate beams with several different energy profiles by varying
the frequency of the RF fields in the waveguide. A typical range of electron energies that can
be produced by a linac spans from 4 to 25 MeV. Nominally, electron beams are denoted by
the maximum energy in the beam (e.g. an 18 MeV beam) but they always contain a spectrum
of energies due to the scattering foil and collimators. This is similarly true for photon beams,
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Figure 1.3 Simplified schematic of the head of medical linear accelerator.

although they are denoted as megavoltage beams (e.g. an 18 MV beam) to reflect the underlying
bremsstrahlung spectrum.

The linac gantry is connected to a ring to enable 360° rotation around the patient. The
geometric point at which the axis of gantry rotation intersects with the axis of the beam is
called the isocentre. In a typical treatment the target volume is placed at isocentre and multiple
radiation beams are delivered from a variety of gantry angles. The shape of the beam is adjusted
at each gantry angle by adjusting the position of the jaws and MLC leaves in order to match
the projection of the target. This multi-angled delivery allows the nontarget dose to be spread
over the body and thereby avoid delivering a particularly high dose to any one region of healthy
tissue.
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It is instructive to consider two distinct categories of nontarget dose: (i) in-field nontarget
dose and (ii) out-of-field nontarget dose [10]. In-field nontarget dose is the dose to healthy
tissue that lies within the treatment field, i.e. within the path of the beam. Out-of-field nontarget
dose is the dose to healthy tissue that does not lie within the treatment field.

Technological advancements like the ability to rotate the linac gantry and produce highly
collimated radiation beams have enabled significant reductions in the in-field nontarget dose for
modern radiation therapy treatments [10]. This improved treatment conformality has made it
easier to achieve the treatment objectives of delivering sufficiently high dose to the target volume
while minimizing OAR toxicities. However, these advancements have done little to address the
issue of out-of-field nontarget dose. In fact, the increased beam modulation associated with
modern intensity-modulated radiation therapy (IMRT) techniques leads to an increase in head
leakage and out-of-field nontarget dose.

1.4 Secondary radiation

Out-of-field nontarget dose to the patient from linac-based EBRT is caused by the following
three sources of non-therapeutic “secondary” radiation [10].

1. Leakage radiation: radiation originating in the treatment head that penetrates through the
linac shielding.

2. Collimator scatter: radiation that exits the linac via the field opening but does not fall
within the treatment field.

3. Patient scatter: radiation from the primary beam that scatters out of the treatment field
from inside the patient.

Staff and the general public are shielded from secondary (and primary) radiation by installing
linacs in specialized treatment rooms called bunkers. Bunkers are generally constructed from
thick concrete walls known as barriers that attenuate the primary and secondary radiation
produced during radiation therapy to safe levels. A radiation therapy bunker also often includes
a specially-designed corridor called a maze that connects the treatment room to the console
area where the linac is remotely operated by staff. This maze serves to reduce the levels of
secondary radiation without requiring a massive door to attenuate the secondary radiation. A
schematic of the layout of a typical radiation therapy bunker is shown in Figure 1.4.
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Figure 1.4 Overhead schematic of a radiation therapy bunker.

Unfortunately, radiation therapy bunkers do not shield the patient from secondary radiation.
The out-of-field nontarget dose delivered to the patient is typically on the order of 0.01–1% of
the target dose and is dependent on the distance from the treatment field [10]. The amount of
secondary radiation reaching the patient varies considerably with treatment technique, beam
type, beam energy, and many other factors.

The out-of-field nontarget dose poses a concern for a variety of undesirable effects. Some
of these effects are deterministic effects with low threshold doses, such as cardiac toxicities and
cataractogenesis [10]. The focus of this thesis, however, is on the risk for stochastic effects such
as carcinogenesis. Historically, the risk of a patient developing a second cancer later in life as
a result of their radiation therapy treatment has been of relatively low importance compared
to achieving the primary treatment objectives. However, this risk is becoming increasingly
important because, as previously mentioned, cancer patients are living longer post-treatment
[3, 10]. This iatrogenic carcinogenic risk is of particular concern for paediatric patients.
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1.5 Secondary neutrons

When the maximum energy of the primary beam exceeds ∼8 MeV, photonuclear and electronu-
clear reactions between the beam and the components of the linac head result in the generation
of high energy (i.e. fast) neutrons. Neutrons are a highly penetrating form of ionizing radiation
and because many of them are able to escape the linac head, they comprise an important
component of the leakage radiation. The spectrum of neutrons to which the patient is exposed
is characterized by the following features [11–13]:

1. A fast neutron peak centred around 1 MeV that results from photoneutron production in
the head of the linac.

2. A thermal neutron peak centred around 0.025 eV that results from thermalization of fast
neutrons by the linac, patient, bunker walls, and treatment room furnishings.

3. An intermediate energy tail that connects these two peaks and comprises neutrons pro-
duced at lower energies in the linac via compound nucleus formation, as well as faster
neutrons that have been slowed down but not yet thermalized.

Figure 1.5 shows an example of a photoneutron fluence spectrum produced by the 10 MV beam
of a Varian TrueBeam linac at 100 cm from isocentre on the treatment couch.

There are two unique challenges pertaining to the secondary neutrons produced in radiation
therapy:

• Challenge #1: The carcinogenic risk associated with neutrons is both energy-dependent
and larger in magnitude than most other forms of ionizing radiation.

• Challenge #2: Detecting neutrons with a wide range of energies is challenging and
requires specialized devices called neutron spectrometers.

The remainder of this section expands on these challenges and broadly describes how our
research group aims to mitigate them. The specific objectives of this thesis research that were
designed within the context of the goals of our research group are presented in the following
section.
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Figure 1.5 Neutron fluence spectrum produced by the 10 MV beam of a Varian TrueBeam
linac at 100 cm from isocentre (away from the gantry). The plotted fluence is normalized per
monitor unit (MU) of dose delivered.

1.5.1 Challenge #1 - Neutron carcinogenic risk

The energy dependence of neutron relative biological effectiveness (RBE) for stochastic effects
is currently encapsulated by both (i) the neutron weighting factors published by the Interna-
tional Commission on Radiological Protection (ICRP) [14] and (ii) the neutron quality factors
published by the United States Nuclear Regulatory Commission (US NRC) [15]. These factors
are plotted as a function of neutron energy in Figure 1.6. Both factors exhibit a marked energy
dependence with a peak value around 1 MeV, which coincides with the fast peak in the neutron
fluence spectrum experienced by patients. Thus, secondary neutrons pose a prominent concern
for second iatrogenic cancers caused by high energy radiation therapy.

The neutron weighting factors and neutron quality factors are based on aggregate RBE data
for a variety of stochastic radiobiological endpoints in animals. As shown in Figure 1.6, there
are substantial quantitative differences between these factors. These discrepancies highlight
the need for a fundamental model that explains the marked energy dependence of neutron
RBE for stochastic effects. Our research group aims to develop such a model by using Monte
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Figure 1.6 Quantities used to describe neutron relative biological effectiveness for inducing
stochastic biological effects [14, 15].

Carlo methods to simulate how neutrons and their secondary particles interact with and damage
nuclear DNA.

1.5.2 Challenge #2 - Neutron spectra

Due to the marked energy dependence of neutron RBE, accurate determination of the neutron
fluence spectrum produced by any radiation therapy treatment is required in order to assess the
associated neutron-induced carcinogenic risk. Measuring neutron spectra requires specialized
detectors called neutron spectrometers because of the unique ways by which neutrons interact
with matter. Conventional neutron spectrometers like the Bonner Sphere Spectrometer [16],
which often incorporate a passive neutron detector, are an effective albeit slow and cumbersome
means of measuring neutron spectra. Our research group has recently validated a novel, active
neutron spectrometer called the Nested Neutron Spectrometer (NNS) [17] for use in radiation
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therapy [13, 18]. An ongoing objective in our research group is to use the NNS to characterize
neutron fluence spectra for a variety of clinically-relevant scenarios.

The raw measurements obtained with a neutron spectrometer also present a challenge as they
must be unfolded in order to obtain the underlying neutron fluence spectrum. This unfolding
process is prone to many sources of uncertainty and subjectivity [19]. Thus, our research group
is also interested in developing unfolding techniques that diminish these challenges.

1.6 Thesis goal and objectives

In consideration of the aforementioned challenges pertaining to secondary neutrons in radiation
therapy and the broad goals of our research group, the overall goal of this thesis is stated as
follows:

To advance our understanding of the carcinogenic risk that is posed to radiation therapy patients

by secondary neutrons through the measurement of neutron spectra and the development of a

model to explain the energy dependence of their carcinogenic effects.

The following specific objectives were set in order to achieve this goal:

1. Use the NNS to accurately measure and compare neutron spectra produced in clinically-
relevant radiation therapy scenarios.

(a) Perform a case study using the NNS to measure and compare the neutron flu-
ence spectra produced by modern flattening-filter-free (FFF) beams compared to
conventional flattened beams.

(b) Develop an objective algorithm for unfolding NNS measurements that does not
require subjective user input.

2. Model the energy dependence of neutron RBE for stochastic effects by using Monte Carlo
methods to simulate neutron-induced clustered DNA damage as a function of energy.

To complement these scientific objectives, an additional objective was to support and
contribute to the open science movement through the development of open-source software.
Many aspects of this thesis research benefited from access to a variety of open-source software
that was either used or built upon. In other cases, however, progress was impeded by a lack of
available software. It was thus crucial to provide the software tools that were developed in the
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course of conducting this research to the community under open-source licenses. In doing so,
other researchers are enabled to independently validate this research, and to expand upon it.

1.7 Thesis outline

This thesis is divided into two parts to reflect the distinct nature of the objectives.
Part I contains the theory and original manuscripts pertaining to objective #1 and is titled:

“On the measurement of neutron spectra in radiation therapy”. Part I begins with Chapter 2,
which contains an overview of radiation interactions as well as relevant physical and dosimetric
concepts, with the focus on neutrons. Chapter 3 summarizes the principles of detecting neutrons,
presents the most relevant neutron spectrometers, and concludes with a review of published
neutron spectral investigations in radiation therapy. Chapter 4 is a published manuscript that
describes a case study using the NNS to compare neutron spectra produced by clinically
commissioned FFF and conventional flattened beams. Finally, Chapter 5 is another published
manuscript that details a novel algorithm for unfolding NNS measurements in an objective
manner.

Part II contains the theory and an original manuscript pertaining to objective #2 and is titled:
“Using Monte Carlo methods to model the energy dependence of neutron RBE for stochastic
effects”. Part II starts with Chapter 6 that provides an overview of radiation carcinogenesis
with an emphasis on the means by which radiation-induced clustered DNA damage can lead
to mutagenesis and subsequent carcinogenesis. Chapter 7 presents an introduction to the
principles of Monte Carlo methods as applied to radiation transport, highlights the difference
between condensed-history and track-structure techniques, and concludes with a review of
published Monte Carlo investigations of neutron RBE. Chapter 8 is the aforementioned sub-
mitted manuscript that describes a Monte Carlo study to determine neutron RBE for the direct
induction of clustered DNA damage and compares the results with neutron RBE for stochastic
effects. Finally, Chapter 9 provides a summary of the thesis and concludes with an outlook for
future work.
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Part I

On the measurement of neutron spectra in
radiation therapy



Chapter 2

Radiation physics and dosimetry

The transport of radiation in an absorbing medium is a stochastic process that is governed by
many different types of interactions between the incoming particle and the medium. Every type
of interaction has an associated probability that is expressed as a cross section. The concept of
the interaction cross section comes from quantum mechanics and is expressed in units of area,
often using the quantity known as a barn (1 b = 10−28 m2). Interaction cross sections depend
on a variety of factors, including the energy of the particle as well as the atomic number and
density of the absorber material with which the particle is interacting. This chapter presents an
overview of the mechanisms by which various types of ionizing radiation interact with matter,
with a focus on neutrons. A summary of the physical quantities and dosimetric concepts that
are required for understanding the remainder of this thesis is also provided.

2.1 Charged particles

2.1.1 Classification of charged particles

Charged particles are any particles with an electric charge, which interact via Coulomb interac-
tions. The charged particle species of interest in this thesis are electrons, positrons, protons,
alpha particles, and heavier ions.
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Figure 2.1 Charged particle interactions with the atoms of an absorbing material categorized
by the relative magnitude of the impact parameter b and the atomic radius a in three ways: (a)
soft collisions wherein b >> a, (b) hard collisions wherein b ≈ a, and (c) radiative collisions
wherein b << a. Figure adapted from Podgoršak [1].

2.1.2 Charged particle interaction mechanisms

When charged particles traverse an absorbing medium they undergo many Coulomb interactions
with both the orbital electrons and the nuclei of the atoms that they encounter. These interactions
are classified according to the magnitude of the impact parameter b, which is the perpendicular
distance between the particle’s trajectory and the centre of the target atom, relative to the classical
atomic radius a. Three categories of charged particle interactions are shown schematically in
Figure 2.1 and are described as follows [1]:

Soft collisions

A soft collision occurs between a charged particle and an entire atom (including all of its bound
electrons) when b >> a. Although the energy transferred to an atom via a soft collision is
quite small, it can be sufficient to cause atomic polarization, excitation, or ionization. These
interactions have a high cross section compared to other charged particle interactions and
account for approximately 50% of the energy transferred by a charged particle.
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Hard collisions

A hard collision between a charged particle and a single atomically-bound electron occurs
when b ≈ a. In this case, a considerable amount of energy is transferred to the orbital electron
that results in its ejection from the atom. The ejected electron is referred to as δ -ray and
is sufficiently energetic to undergo Coulomb interactions with other atoms. Although the
probability of a charged particle undergoing a hard collision is much lower than a soft collision,
the energy transfer is much larger. Thus, these interactions also account for approximately 50%
of the energy transferred by a charged particle.

Radiative collisions

A radiative collision between a charged particle and the nucleus of an atom can occur when
b << a. Most of these interactions are elastic collisions with negligible energy loss and may
involve a deflection. However, it is possible for the charged particle to undergo an inelastic
collision, otherwise referred to as a bremsstrahlung collision, which results in considerable
energy loss and the corresponding emission of an x-ray photon. The probability of inelastic
radiative collisions is inversely proportional to the square of the mass of the charged particle,
meaning that these interactions typically only occur for charged particles with relatively low
mass (e.g. electrons and positrons).

2.2 Photons

2.2.1 Classification of photons

Photons are massless, uncharged particles that are the quanta of electromagnetic radiation.
Photons with sufficiently high energy to ionize atoms are a form of indirectly ionizing radiation.
Ionizing photons are generally classified into two categories, namely x-rays and gamma rays,
based on their origin. X-rays are produced outside of atomic nuclei via a variety of processes
such as electronic state transitions and the bremsstrahlung process. Gamma rays, however,
originate from atomic nuclei and are produced by nuclear state transitions and nuclear reactions.
Additional subclassifications of ionizing photons may be used, but these two categories are
sufficient for the scope of this thesis.
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2.2.2 Photon interaction mechanisms

The cross sections describing photon interactions with matter are highly dependent on the
photon energy, the atomic number of the absorbing material (Z), and the mass density of the
material (ρ). The interaction mechanisms that are most relevant in the context of radiation
therapy are described below [1].

Rayleigh scattering

In Rayleigh scattering, also called coherent photon scattering, a photon undergoes an elastic
interaction with the atomic electrons of an atom of the absorbing medium and experiences a
deflection in its trajectory. This process is unimportant for dosimetric considerations because
there is no energy transferred to the absorber. However, Rayleigh scattering is important
to consider when modeling radiation transport. The interaction cross section for Rayleigh
scattering decreases with increasing photon energy and increases with Z.

Photoelectric effect

The photoelectric effect is an interaction between a photon and an atomic electron that is
characterized by the complete absorption of the photon and subsequent ejection of the electron
from the atom. The ejected electron has a kinetic energy equal to that of the incident photon,
minus the binding energy of that electron. In general, the photoelectric cross section decreases
with increasing photon energy. However, there are sharp increases in the photoelectric cross
section at discrete photon energies where the photon has sufficient energy to eject electrons
from a particular orbital electron shell. The photoelectric cross section also increases with
increasing Z.

Compton scattering

Compton scattering, also known as incoherent photon scattering, is the inelastic analog to
Rayleigh scattering. In a Compton scattering event, the photon interacts with an atomic electron
and is deflected. However, in this case, sufficient energy is imparted to the electron to cause
its ejection from the atom with its own unique scattering angle. The relative kinetic energies
imparted to the scattered photon and ejected electron, as well as their scattering angles, are
probabilistic in nature. For most materials, the Compton scattering cross section has a maximum
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value at an intermediate photon energy (keV–MeV). The peak energy and the magnitude of the
Compton scattering cross section increase with absorber Z.

Pair production and triplet production

Pair production is characterized by the complete absorption of a photon by an absorber atom
and the subsequent production of an electron-positron pair. This interaction is only possible
when the photon energy exceeds the rest energy of an electron-positron pair (1.022 MeV, i.e.
2mec2). The energy of the incident photon is essentially split between the electron and positron,
although a small amount is absorbed by the atomic nucleus to conserve momentum. When
the photon energy exceeds 2.044 MeV (i.e. 4mec2), it is possible for some of the energy to be
absorbed by an orbital electron. This process is known as triplet production. Triplet production
is thus characterized by the emission of two electrons and one positron from the interaction site.
The interaction cross sections for both pair and triplet production increase with photon energy
and absorber Z.

Photonuclear reactions

At high photon energies, there is a chance for interactions to occur between photons and absorber
nuclei. Such interactions, called photonuclear reactions, result in nuclear disintegration and
corresponding energetic emission of one or more nuclear fragments. The total cross section
for photonuclear reactions has two notable features: (i) a threshold energy below which these
reactions do not occur and (ii) a prominent peak known as the “giant resonance” [1]. The
threshold energy for photonuclear reactions is generally between 7–15 MeV. However, there
are notable exceptions like the 1.7 MeV threshold for beryllium and the 2.2 MeV threshold for
hydrogen [1]. Meanwhile, the resonance peak in the photonuclear cross section occurs around
20 MeV for low Z materials and around 12 MeV for high Z materials [1].

Even though the cross section for photonuclear reactions constitutes only a few percent of
the total cross section for all possible photon interaction [1], these interactions are the most
relevant for this thesis. The most probable photonuclear reactions involve the emission of a
single neutron known as a photoneutron, and are broadly labeled as (γ,n) reactions. However,
there are three distinct processes that contribute to the total cross section for photoneutron
production: (i) photoionization, (ii) compound nucleus formation, and (iii) the quasi-deuteron
effect [2].
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1. In the photoionization process the entire photon energy is transferred to the neutron,
minus the nuclear binding energy. Photoionization is the dominant means of photoneu-
tron production for light nuclei and constitutes approximately 10–20% of photoneutron
production for heavier nuclei.

2. Compound nucleus formation occurs when the photon is temporarily absorbed by an
absorber nucleus, resulting in an excited nuclear state. The resulting de-excitation yields
an energetic neutron whose energy follows a spectral distribution. Compound nucleus
formation is the dominant means of photoneutron production for nuclei with atomic
weights larger than 40.

3. The quasi-deuteron effect is a process that results in the production of neutron-proton
pairs such that each particle carries about half of the initial photon energy. However,
this process only occurs for photons with energies greater than 50 MeV, well above the
energies encountered in photon and electron radiation therapy.

These photoneutron production processes together constitute the mechanism by which
megavoltage photon beams generate secondary neutrons via interactions with the linac, the
treatment room, and the patient. The total cross section for photoneutron production in tungsten
and copper, two elements commonly used in the shielding material of linacs, are shown in
Figure 2.2. Similar neutron-producing reactions are also possible for highly energetic electrons
but the probability for such interactions is approximately 100 times lower [2].

2.3 Neutrons

2.3.1 Classification of neutrons

Like x-rays and gamma rays, neutrons are electrically neutral particles that may be consid-
ered a form of indirectly ionizing radiation. Unlike x-rays and gamma rays, neutrons have
considerable mass (mn = 939.6 MeV/c2) that is slightly larger than the mass of a proton
(mp = 938.3 MeV/c2). Owing to their mass, neutron interactions in matter are considerably
different than photon interactions. The cross sections for neutron interactions have considerable
energy dependence and, consequently, neutrons are often classified according to their energy.
One possible neutron classification scheme is summarized in Table 2.1.
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Figure 2.2 Total cross section for photoneutron production in two materials commonly found
in medical linear accelerators. Data obtained from Kawano et al. [3].

2.3.2 Neutron interaction mechanisms

Neutrons interact with the nuclei of absorbers and undergo one of the following five types of
interactions [1]:

Elastic scatter

Assuming the neutron is non-relativistic, an elastic scattering interaction between a neutron and
a nucleus can be treated as a classical collision scenario wherein energy and momentum are
conserved. In this scenario, the neutron transfers the following amount of kinetic energy to the
nucleus:

∆EK = (EK)i
4mnM

(mn +M)2 cos2
φ (2.1)

where (EK)i is the initial kinetic energy of the neutron, M is the mass of the nucleus, and φ is
the angle at which the nucleus recoils relative to the direction of the incident neutron. Because
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Table 2.1 Classification scheme for categorizing free neutrons according to their energy [1, 4].

Category Kinetic energy range

Ultracold EK < 2×10−7 eV

Very cold 2×10−7 eV ≤ EK ≤ 5×10−5 eV

Cold 5×10−5 eV ≤ EK ≤ 0.025 eV

Thermal EK ≈ 0.025 eV

Epithermal 1 eV ≤ EK ≤ 1 keV

Intermediate 1 keV ≤ EK ≤ 100 keV

Fast 100 keV ≤ EK ≤ 20 MeV

Relativistic 20 MeV ≤ EK

of the inverse dependence on nuclear mass, relatively little energy is transferred to a heavy
absorber via elastic scatter compared to lighter absorbers. The largest energy transfers occur
with hydrogen atoms, and the resulting energetic proton will undergo many Coulomb reactions
and generally not travel far. This property serves as the motivation to use hydrogenous materials
to moderate high-energy neutrons for the purposes of both radiation protection and neutron
detection.

The cross section for elastic scatter is relatively uniform with respect to neutron energy for
most materials, as shown in Figure 2.3. However, there are sharp resonance peaks in the cross
sections for certain materials (also shown in Figure 2.3). These resonances are the result of
an alternative form of elastic scatter wherein the neutron is absorbed by a nucleus to form a
compound nucleus and promptly followed by the emission of a neutron with the same energy
[5].

Inelastic scatter

During inelastic neutron scatter, the neutron is temporarily absorbed by a nucleus resulting in a
compound nucleus in an excited nuclear state. A neutron n’ is then emitted with a lower energy
in a different direction than that of the incident neutron. Finally, the excited nucleus reverts
back to ground state via emission of a high-energy gamma ray, as described by the following
equation:

n+A
Z X −→ A+1

Z X∗ −→ A
Z X+n′+ γ (2.2)
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The inelastic scattering cross section is characterized by a energy threshold below which
these reactions do not occur. This threshold for inelastic scatter varies by material, however it is
generally on the order of a few MeV.

Neutron capture

Similar to inelastic scatter, neutron capture occurs when a neutron is absorbed by the nucleus
to temporarily form a compound nucleus. However, in this case, the neutron remains in the
nucleus and the excited nucleus is de-excited through the emission of a gamma ray or charged
particle. These reactions are respectively denoted as (n,γ) and (n,x) for any charged particle x.
Each of these reactions has an associated Q-value that quantifies the amount of energy released
by the reaction, some of which is imparted to the reaction products.

Neutron capture cross sections generally decrease with increasing neutron energy until
around 1 MeV, at which point a variety of resonance effects occur. Below 1 MeV these cross
sections adhere to a 1/v dependence, where v is the velocity of the neutron [6]. An attractive
option for detecting thermal neutrons is to use a material subject to neutron capture reactions
that are characterized by (i) a large thermal neutron capture cross section and (ii) the production
of short-ranged charged particles. These characteristics facilitate high detector sensitivity and
the ability to distinguish neutron capture events from other interactions in the detector. These
properties are discussed further in Chapter 3.

Neutron-induced fission

For heavy nuclei (Z ≥ 92), the compound nucleus formed after neutron absorption can undergo
nuclear fission. Fission is characterized by nuclear fragmentation into two lighter daughter
nuclei and the emission of multiple fast neutrons. Because neutrons are both a reactant and
product of nuclear fission, it is possible under the right conditions to achieve a chain reaction
and substantial energy release. Nuclear reactors utilize this property in a controlled manner
for scientific purposes or to generate power [1]. Although both fast and thermal neutrons can
induce fission, the reaction does not play a role in the radiation therapy context because atomic
nuclei with sufficiently high Z (i.e. fissionable nuclei) are generally not encountered.
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Nuclear spallation

For neutrons with energies exceeding ∼ 100 MeV, the nuclear spallation interaction is possible
[1]. Nuclear spallation is the disintegration of a nucleus into many smaller components (e.g.
protons, neutrons, alpha particles, etc.) as a result of impact or stress. Nuclear spallation does
not play a role in photon and electron radiation therapy because neutrons of sufficiently high
energy to induce spallation are not encountered.

Summary

The cross sections for neutron elastic scatter, inelastic scatter, as well as the (n,γ) and (n,p)
capture reactions are shown for the four most abundant elements (by mass) in human tissue
in Figure 2.3. These cross sections demonstrate the uniformity and predominance of elastic
scatter at all energies in human tissue. The characteristic 1/v dependencies of various neutron
capture cross sections are also shown. Generally speaking, neutron capture by nitrogen atoms
is the dominant mechanism of energy deposition for thermal neutrons while elastic scatter with
hydrogen atoms is the dominant mechanism of energy deposition for fast neutrons [1].

2.4 Physical and dosimetric concepts

This section defines a variety of physical and dosimetric concepts that are essential in order to
quantify and understand the impact that neutrons have on the human body.

2.4.1 Fluence and flux

Particle fluence Φ is defined as the number of particles dN incident on a sphere of cross-sectional
area dA [8]:

Φ =
dN
dA

(2.3)

and has units of inverse area (e.g. m−2). A mathematically equivalent definition of fluence
was conceived by Kellerer [9], which describes the mean particle fluence in a volume. In this
formalism, fluence is calculated as the sum of the lengths of particle tracks ds that traverse a
volume, divided by its cubic volume dV :

Φ̄ =
∑ds
dV

(2.4)
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Figure 2.3 Neutron interaction cross sections for the four most abundant elements by mass in
the human body: (a) hydrogen, (b) carbon, (c) nitrogen, and (d) oxygen. Data were obtained
from the Evaluated Nuclear Data File (ENDF) [7].
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This definition is more practical than the conventional definition in the context of Monte Carlo
simulations of radiation transport [10].
The time derivative of particle fluence is known as the particle fluence rate, or particle flux:

Φ̇ =
dΦ

dt
(2.5)

Finally, a polyenergetic field of a particular type of radiation can be described by the particle
fluence spectrum:

ΦE (E) =
dΦ

dE
(E) (2.6)

2.4.2 Linear energy transfer

Linear energy transfer (LET) measures the rate of energy absorption by a medium as it is
traversed by ionizing radiation [1].

LET =
dE
dl

(2.7)

LET is typically expressed in units of keV·µm−1 and is used to describe the density of ionizations
in an absorbing medium caused by radiation. Ionizing radiation with LET< 10 keV·µm−1 is typ-
ically classified as sparsely ionizing or low LET radiation, while that with LET > 10 keV·µm−1

is typically classified as densely ionizing or high LET radiation [1]. Example types of radiation
within each category are provided in Table 2.2

2.4.3 Absorbed dose

Absorbed dose is a fundamental concept in medical physics and radiation oncology that is used
to quantify the amount of radiation absorbed by an irradiated medium. Specifically, absorbed
dose measures the amount of energy absorbed ∆Eabs by a volume of mass ∆m [11]:

D =
∆Eabs

∆m
(2.8)

Although absorbed dose is technically a point quantity, it is typically used to express the average
energy imparted over a macroscopic volume. The SI unit of absorbed dose is the gray (Gy),
which is equal to 1 J·kg−1. Throughout this thesis, absorbed dose is often referred to as dose,
consistent with convention in the field.
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Table 2.2 LET values for various types of ionizing radiation. Table adapted from Podgoršak
[1].

LET classification Particle Kinetic energy LET (keV·µm−1)

Low LET X-rays 3 MeV 0.3

250 kVp 2

Electrons 1 MeV 0.25

10 keV 2.3

High LET 1 keV 12.3

Neutrons 14 MeV 12

Protons 2 MeV 17

Carbon ions 100 MeV 100-2000

2.4.4 Relative biological effectiveness

Relative biological effectiveness (RBE) is used to quantify the relative potency of two types of
radiation to induce the same biological effect. The concept of RBE is used to recognize that
not all types of ionizing radiation deposit dose in the same manner. For example, a densely
ionizing radiation (high LET) tends to deposit energy in a more spatially-clustered manner than
a sparsely ionizing radiation (low LET). These variations have important ramifications when
considering dose deposition in biological targets like human tissue and DNA. Thus, RBE is
generally calculated as [12]:

RBE =
Dx

Dtest
(2.9)

where Dx is the dose required by a reference radiation to induce a particular biological effect
and Dtest is the dose required by a “test” radiation of interest to induce the same effect. Typically
low LET radiation such as 250 kVp x-rays, or gamma rays from the decay of 60Co or 137Cs are
used as the reference radiation.

Although RBE and LET are closely related, their relationship is not always linear. For
example, for the endpoint of cell killing, RBE increases with LET until achieving a maximum
value between 100–200 keV·µm−1, which is the optimal ionization density for inducing DNA
double strand breaks. At larger LET values, RBE decreases because the additional density of
ionizations does not lead to greater degree of cell killing, which is known as the overkill effect
[11].
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Table 2.3 Radiation weighting factors for various types of ionizing radiation. Table reproduced
from ICRP Publication 103 [13].

Radiation type Radiation weighting factor wR

Photons 1

Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission fragments, heavy ions 20

Neutrons A continuous function of energy

In addition to the specified endpoint, RBE is highly dependent on variety of factors such as
dose, dose rate, fractionation, tissue and cell type, etc. In general, RBE for stochastic effects is
maximized at low doses of radiation because deterministic effects dominate at high doses [13].

2.4.5 Radiation weighting factors and equivalent dose

In 1991, the International Commission on Radiological Protection (ICRP) introduced the
concept of the radiation weighting factor wR to broadly account for the differences in RBE
between different types of radiation (R) when assessing the dose deposited in human tissue
[14]. These wR values are based on aggregate experimental RBE data for inducing a variety
of stochastic biological effects, such as carcinogenesis and life shortening in animals [13].
Specifically, the wR values are based on experimental data obtained using low radiation doses
where RBE for stochastic effects is maximized. Thus, the wR values serve as conservative upper
estimates of RBE for a variety of stochastic effects and are used for the purposes of radiation
protection. This approach allows wR to be presented independently of factors such as dose and
dose rate. The values of wR for various types of radiation are listed in Table 2.3.

Unlike other types of ionizing radiation, neutrons are assigned an energy dependent wR by
the ICRP. The original neutron wR values included in ICRP Publication 60 [14] were revised in
ICRP Publication 92 [15] in 2003 according to a review of more recent experimental RBE data.
Another revision of the wR values was published in the 2007 recommendations of the ICRP,
as contained within ICRP Publication 103 [13]. These most recent recommendations describe
neutron wR as an empirical function of neutron energy En that is defined by the following
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piecewise equation and is plotted in Figure 1.6.

wR =


2.5+18.2e−[ln(En)]

2/6 En < 1 MeV

5.0+17.0e−[ln(2En)]
2/6 1 MeV ≤ En ≤ 50 MeV

2.5+3.25e−[ln(0.04En)]
2/6 En > 50 MeV

(2.10)

Radiation weighting factors may be used to calculate a quantity known as equivalent dose,
which has both clinical and scientific utilities. The equivalent dose delivered by one or more
types of radiation R to a particular tissue or organ T is defined as:

HT = ∑
R

wRDT,R (2.11)

Although the units of equivalent dose are technically the same as absorbed dose, equivalent
dose is instead expressed in units of sieverts (Sv) to differentiate the two concepts.

2.4.6 Tissue weighting factors and effective dose

Tissue weighting factors wT are another quantity created by the ICRP [14] that account for
differences in the radiosensitivity of various tissues in the human body. The sum of wT for all
radiosensitive tissues is unity. wT are used to weight the equivalent dose delivered to every
exposed tissue type T as a means to calculate a quantity called effective dose:

E = ∑
T

wTHT (2.12)

Similar to equivalent dose, effective dose is measured in units of sieverts. Both equivalent
dose and effective dose are radiation protection quantities that are used to define radiation
exposure limits for various populations. While these quantities are not measurable in practice,
such limits serve as guides to ensure that the risk for stochastic health effects is kept below
unacceptable levels [13].

2.4.7 Dose equivalent

Operational quantities known as dose equivalents are measurable quantities that can be used to
monitor and quantify the amount of dose delivered to the human body during actual radiation
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exposure scenarios [13]. In general, dose equivalent is measured in sieverts and is calculated
using the following formula:

H = DQ (2.13)

where D is the absorbed dose and Q is a radiation quality factor specific to each type of radiation.
Q factors are broadly similar to wR and are based on RBE but are more closely related to particle
LET [13]. Quantitative differences between these factors can be clearly seen by comparing the
neutron Q described by the United States Nuclear Regulatory Commission (US NRC) with the
ICRP’s wR values, as shown in Figure 1.6.

There are two types of dose equivalent of interest:

1. Personal dose equivalent Hp (d) is used in individual dose monitoring to assess the
effective dose delivered to an individual during a uniform, whole-body exposure. It is
specified at a specific depth d in tissue below the point where the individual’s dosimeter
was worn.

2. Ambient dose equivalent H∗(10) is used in area dose monitoring situations where individ-
uals don’t wear personal dosimeters (e.g. to assess aircrew exposure [13]). Specifically it
is the dose equivalent produced by the given radiation field in the ICRU sphere [16] at a
radial depth of 10 mm. The ICRU sphere is essentially a hypothetical soft-tissue phantom
with a 30 cm diameter that is used to represent the human torso.

2.5 Summary

This chapter described the particle interactions, physical quantities, and dosimetric concepts
that are referenced throughout the remainder of this thesis. Particular emphasis was given to the
interactions that involve neutrons (either as reactants or products), as well as the quantities that
describe the large, energy dependent stochastic risk associated with neutrons compared to other
forms of radiation.
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Chapter 3

Detecting neutrons in radiation therapy

This chapter explains the fundamental principles of measuring neutron spectra in the context of
radiation therapy. An overview of gas-filled detectors and how they can be used to detect both
fast and slow neutrons is presented first. The design and operation principles of two notable
neutron spectrometers, the Bonner Sphere Spectrometer (BSS) [1] and the Nested Neutron
SpectrometerTM (NNS) [2], are then presented. Finally, the chapter concludes with a review of
several publications that have used these spectrometers to measure neutron fluence spectra in
radiation therapy environments.

3.1 Radiation detection

Radiation detection refers to the measurement and quantification of ionizing radiation using
instruments called radiation detectors. When radiation interacts with one of these devices, a
measurable signal is produced that is often proportional to the amount of energy deposited.
Broadly, radiation detectors can be classified as either a particle counter or a radiation dosimeter.
Particle counters are designed to measure the number (or rate) of particles that traverse the
detector while dosimeters measure dosimetric quantities, such as absorbed dose. Radiation de-
tectors can also be classified as active or passive, depending on whether the signal is measurable
in real-time or obtained via post-processing.

Although there are many types of radiation detectors, this chapter focuses on a subset of
these devices that are used for detecting neutrons. In particular, gas-filled detectors are described
in greatest detail because such a detector comprises the sensitive component of the NNS [2],
which was used in the manuscripts presented in subsequent chapters.
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Figure 3.1 Design and operation of a gas-filled radiation detector. (a) Simplified schematic of
the leaky capacitor design used in a gas-filled detector (b) Overview of the relationship between
measured charge and the voltage applied to a gas-filled detector, classified into five regions: (I)
recombination region, (II) ionization chamber region, (III) proportional counter region, (IV)
Geiger-Müller plateau, (V) continuous discharge region. Figure adapted from [3].

3.2 Gas-filled detectors

The sensitive volume of a gas-filled detector is a chamber that contains a dielectric gas between
a cathode and an anode [3]. The fundamental “leaky capacitor” design of a gas-filled detector is
achieved when a voltage is applied to this chamber, as shown schematically in Figure 3.1(a).
When there is no ionizing radiation present, the chamber acts as a capacitor and prevents the
flow of electrical current. When irradiated, ionizations in the gas produce free electrons and
positively-charged ions (i.e. ion pairs) that are attracted towards the appropriate electrode,
thereby inducing a measurable current.

3.2.1 Types of gas-filled detectors

The charge collected in a gas-filled detector occurs over five distinct regions of operation defined
by the applied voltage, as shown in Figure 3.1(b). Region I is known as the recombination region
and is not useful for measuring radiation in practice. In this region the potential difference is
insufficient to collect the liberated ion pairs at the electrodes before they recombine. Region V,
the continuous discharge region, is also not used because a single ionization event can initiate a
continuous electric discharge that completely saturates the detector. The remaining regions II,
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III, and IV give rise to three different types of gas-filled detectors, each of which has its own
unique advantages and disadvantages:

Ionization chambers

Gas-filled detectors operated in region II are known as ionization chambers. Under these
conditions, the applied voltage is sufficiently high to collect all ion pairs at the electrodes
but not high enough that liberated electrons undergo additional ionization events (i.e. charge
multiplication) [3]. An ionization chamber cannot be used to detect and discriminate single
particle interactions because the electrical signal produced by a single ionization is small relative
to various measurement limitations such as noise and leakage. However, a measurable charge or
current can be obtained by integrating over all ionizations caused in the detector. This measured
charge can be related to the total amount of energy deposited if the average energy required
to liberate an ion pair in the gas (i.e. the W-value of the gas) is known [4]. Thus, ionization
chambers are very useful for measuring dosimetric quantities. For example, absorbed dose can
be determined by dividing the total energy deposited by the mass of gas in the sensitive volume.

Proportional counters

When operated in region III, gas-filled detectors are known as proportional counters. Due to the
higher voltage applied to a proportional counter than an ion chamber, the liberated electrons can
gain sufficiently high energy to cause secondary ionizations [5]. These secondaries can also gain
enough energy to cause additional ionization events before reaching the anode, thereby resulting
in exponential growth of the measurable signal. This cascade of ionization events is known
as a Townsend avalanche. Proportional counters are able to discriminate single ionization
events in the gas because of the larger signal produced per ionization. The large measured
signal is directly proportional to the energy deposited by the incoming radiation, which allows
discrimination of particle type and energy in a mixed radiation field. Consequently, proportional
counters are often used as neutron detectors.

Geiger-Müller counters

Geiger-Müller counters (or simply Geiger counters) are gas-filled detectors operated in region
IV where the usable voltage range is highest. As with proportional counters, Geiger coun-
ters experience charge multiplication from primary ionization events that result in Townsend
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avalanches. What differentiates a Geiger counter from a proportional counter is that the voltage
is sufficiently high such that secondary charged particles can cause molecular excitations in
the gas [5]. Subsequent de-excitation of these molecules may involve the emission of a UV
photon that can then cause additional ionization events and subsequent Townsend avalanches
throughout the gas volume. This Geiger discharge process, is eventually halted by the buildup of
positive ions around the anode that disrupts the electric field applied by the potential difference.
The signal produced by a Geiger counter is very strong but is essentially independent of the
type and energy of the initial radiation. As a result, Geiger counters are commonly used as
survey meters to detect the presence of ionizing radiation but not to for quantification purposes.

3.2.2 Pulse mode vs current mode

Gas-filled detectors are active detectors that can be operated in one of two signal-readout modes
depending on the attached electronics: pulse-mode or current-mode [5].

In pulse-mode, the detector generates a distinguishable signal for every initial ionization
event in the gas. This signal encapsulates both the amplitude and timing of the charge pulse
caused by the associated ionization event. Specific particle energies can be identified by incor-
porating an electronic discriminator that only records pulses that exceed a certain magnitude
or that are within a certain range of magnitudes. When operated in pulse-mode, the issues of
pulse pileup and detector dead time must be considered [6]. Pulse pileup occurs when two
signal pulses occur sufficiently close to each other that they are treated as a single pulse with
a magnitude equal to the sum of the two pulses. Such a pulse is incorrectly interpreted as
having been caused by a single, larger magnitude event. Detector dead time is the time period
after a pulse is recorded during which the electronics are processing the measurement and are
insensitive to other radiation events. When the count rate is sufficiently large, the detector
becomes overwhelmed by pulse pileup and saturated with detector deadtime. Thus, pulse-mode
detectors are only suitable for detecting radiation events with a suitably low count rate.

In current-mode, the detector is equipped with different electronics that are operated at a
slower response time in order to measure the time-averaged current that results from many
individual charge pulses [5]. Integrating-mode is a variation of current mode wherein the
detector simply accumulates the charge pulses over the entire exposure to obtain the resulting
total charge. Thus, current mode can be reliably used in high count-rate environments but
cannot distinguish individual events.
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3.3 Detecting neutrons

3.3.1 Neutron detectors

Neutron detectors typically contain a compound with a high cross section for a particular neutron
interaction. Proportional counters containing a material with a suitably high neutron capture
cross section allow active readout but are often also sensitive to other forms of radiation, which
must be accounted for in a mixed radiation field. Another means to detect neutrons involves
using metallic activation foils with large neutron capture cross sections. Foils can be used
to selectively measure neutrons in a mixed radiation field but require passive, time-intensive
readout techniques [5]. Because of the characteristic 1/v energy dependence of neutron capture
cross sections, both proportional counters and activation foils are only practical for measuring
slow neutrons.

Other devices like thermoluminescent dosimeters (TLDs), optically-stimulated luminescent
dosimeters (OSLDs), and bubble detectors are useful for estimating dosimetric quantities like
neutron dose equivalents that result from a range of neutron energies. However, these devices
make assumptions about the underlying fluence spectrum and cannot be used to measure neutron
spectra. The inability to measure neutron spectra is particularly notable given the marked energy
dependence of neutrons for inducing stochastic effects as described by the neutron wR and Q

factors. It is thus of interest to consider how to measure a spectrum of neutrons containing both
fast and slow neutrons.

3.3.2 Detecting slow neutrons

Three elements that are commonly used in slow neutron detectors are 3He, 10B, and 6Li [5].
Each of these elements has an associated thermal neutron capture reaction that is characterized
by the following properties:

1. The magnitude of capture cross section is large, which means that a high percentage of
incoming neutrons will interact with the detector.

2. The reaction has a large Q-value. When capturing slow (low energy) neutrons, essentially
all the energy released by the reaction (i.e. the Q-value) is transferred to the reaction
products.
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Table 3.1 Neutron capture reactions commonly used in slow neutron detectors. Data were
obtained from the Evaluated Nuclear Data File (ENDF) [7].

Reaction Q-value (MeV) Thermal neutron cross section (b)

3He(n,p)3H 0.764 5316
10B(n,α)7Li 2.790 3844
6Li(n,α)3H 4.783 940

3. The reaction products are short-ranged charged particles, so that they are completely
absorbed in the detector. The resulting signal is thus essentially proportional to the large
Q-value of the reaction, which allows detection of individual neutron capture events.

The neutron capture reactions of interest for these three elements are summarized in Ta-
ble 3.1. Of these reactions, the 3He(n,p)3H reaction has the largest thermal neutron capture
cross section but suffers from the lowest Q-value. Inversely, the 6Li(n,α)3H reaction has
the largest Q-value but the lowest thermal neutron capture cross section. Meanwhile, the
10B(n,α)7Li reaction has an intermediate Q-value and cross section.

These elements can be incorporated into a detector in a variety of ways. For example, the
gas in a proportional counter can directly contain one of these elements or the inner surface of
the cavity can be coated with a compound containing the element.

3.3.3 Detecting fast neutrons

The most common approach for detecting fast neutrons is to slow the neutrons before they reach
a thermal neutron detector. This is achieved by encapsulating the thermal neutron detector
in a moderating material with a large cross section for elastic neutron scatter. The moderator
preferentially absorbs thermal neutrons and slows fast neutrons before they reach the thermal
detector. In doing so, the sensitivity of the detector is essentially shifted from thermal neutrons
to higher energy neutrons. The basis of measuring neutron spectra is thus to acquire multiple
measurements with differing amounts of moderating material around the thermal neutron
detector, such that each measurement preferentially detects neutrons at different energies.
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3.4 Neutron spectrometers

Neutron spectrometers are sophisticated radiation detectors that enable detection of neutron
fluence spectra. Determination of the full neutron spectrum is important from a radiation safety
perspective because of the marked energy dependence of neutron RBE for inducing stochastic
effects [8, 9]. Neutron spectrometers typically include a sensitive thermal neutron detector and
multiple moderators of increasing size to enable detection of a range of higher energy neutrons.

Two neutron spectrometers that have been used extensively in the context of radiation
therapy are the BSS [1] and the NNS [2]. These devices cannot directly measure neutron
fluence spectra owing to the fact that a spectrum is a continuous differential quantity [10].
Instead, these devices measure a finite set of integrated counts (or count rates) and a fluence
spectrum is obtained by deconvolving these measured counts with the response functions of the
detector in a process known as unfolding. An overview of the BSS, the NNS, and the unfolding
process is provided in the following sections.

3.4.1 The Bonner Sphere Spectrometer

The first BSS was developed by Bramblett et al. [1] in 1960. The BSS is characterized by a
thermal neutron detector encapsulated in one of several moderating spheres of varying thickness.
A photo of BSS moderating spheres of varying sizes is shown in Figure 3.2. For every unique
combination of a thermal neutron detector and moderator there is an associated detector response
function that characterizes the energy-dependent response of that configuration.

Thermal neutron detector

In the original BSS [1], a small 6LiI(Eu) scintillator was used as the thermal neutron detector.
Although this scintillator was a good starting point to demonstrate the potential utility of the
BSS, it had difficulties in discriminating photon interactions [12]. Since the initial publication,
many other thermal neutron detectors have been implemented into BSS systems including a
variety of proportional counters [12]. Gold activation foils (197Au) have also been extensively
used in BSS systems to measure neutron spectra in radiation therapy environments [10, 13–18].
These foils are relatively insensitive to photons and have no dead time, making them well
suited for use around a linac [12]. One drawback is that the analysis of activated gold foils
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Figure 3.2 Bonner Sphere Spectrometer moderators. Photo obtained from the ELSE Nuclear
website [11].

requires passive detector readout of the resulting 411 keV gamma ray emissions, typically using
a high-purity germanium detector [10, 19].

Fast neutron moderators

Spherical fast neutron moderators are typically made of a hydrogenous plastic material called
polyethylene ((C2H4)n) [1, 12], although other materials like liquid water have been used
[20]. There is no ideal quantity and thickness of moderators [12], however, there should be
a sufficient number of moderators with meaningfully different response functions in order
to sample contributions from the full neutron energy range of interest. In practice, most
BSS systems use around six moderators with thicknesses that vary between 2 and 12 inches
[1, 10, 12].

Detector response functions

The response functions Ri (E) of a detector essentially constitute a map between the neutron-
induced measurements Mi and the neutron fluence spectrum at the point of measurement ΦE (E)

[19]. This relationship is described for every configuration i of a thermal neutron detector and
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fast neutron moderator by a Fredholm integral of the first kind:

Mi =
∫

Ri (E)Φ(E)dE (3.1)

In practice, detector response values can be obtained for only a finite number of neutron
energies J, resulting in the following discrete version of Equation 3.1:

Mi =
J

∑
j

Ri jΦ j (3.2)

Detector response functions for a particular thermal neutron detector and fast neutron
moderator can be determined numerically using Monte Carlo simulations of radiation transport
[12] (described generally in Chapter 7). Using Monte Carlo, the shape, materials, and efficiency
of the detector are modeled and subsequently irradiated with a uniform neutron fluence. In
general, the detector response function of a particular configuration is the resulting number
of neutron capture reactions in the thermal neutron detector per unit fluence as a function of
neutron energy. Example response functions for the 197Au-based BSS system developed by
Howell et al. [10] are shown in Figure 3.3. These response functions demonstrate how the
primary sensitivity of the detector shifts from low neutron energies to high neutron energies
with increasing moderator thickness. A set of response functions can be validated by unfolding
BSS measurements made around a radioactive source with a known neutron fluence spectrum,
such as 252Cf or americium-beryllium (AmBe), and comparing the result.

Unfolding BSS measurements

Generally, the number of neutron energies J over which the response functions are defined
is greater than the number of measurements I. Thus, Equation 3.2 describes an ill-posed
deconvolution problem that cannot be analytically solved for Φ(E). Indeed, there are an
infinite number of possible neutron spectra that can fit the measured data [10, 12]. However, an
appropriate neutron fluence spectrum can be determined using one of many possible unfolding
techniques, several of which are summarized by Matzke [21].

Typically, the objective of unfolding techniques is to minimize some parameter that encap-
sulates both the measured data and the estimated fluence spectrum, such as a χ2 value [12].
All unfolding techniques require an initial guess of the neutron spectrum Φ0

j , in addition to the
measured BSS data Mi and the response functions Ri j. Overall there is considerable subjectivity
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Figure 3.3 Detector response functions of the 197Au-based Bonner Sphere Spectrometer system
developed by Howell et al. [10].

in the unfolding process, including the choice of Φ0
j and the choice of parameter to evaluate the

unfolded spectrum. These sources of subjectivity can result in both inter-user and intra-user
variations in unfolded spectra.

Summary

For many years, the BSS has been the de facto neutron spectrometer in many fields, including
radiation therapy. The system has many positive features, including the ability to detect an
extremely wide range of neutron energies (from thermal to GeV), a nearly isotropic response,
and relatively simple operation principles [13]. The main drawbacks of the BSS include:

• A slow measurement process due to the cumbersome nature of the spherical moderators,
which is exacerbated when a passive thermal neutron detector is used.

• The moderators cannot be nested inside each other, which makes them difficult to trans-
port.

• The various ambiguities associated with the unfolding process.
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3.4.2 The Nested Neutron Spectrometer

The NNS is a modern spectrometer that was developed by Dubeau et al. [2] in 2012. This
device has similar operation principles as the BSS but features a streamlined design to facilitate
more rapid measurement acquisition and easier handling.

Thermal neutron detector

The NNS utilizes a 3He proportional counter as the thermal neutron detector, which can be
operated in pulse-mode or current-mode. While this detector is primarily sensitive to neutrons,
it does have a non-negligible photon response. This drawback can be readily accounted for in
pulse-mode by isolating the spectral peak caused by the protons produced by the 3He(n,p)3H
reaction. In current-mode, this drawback must be accounted for by using a 4He detector that
has the same physical dimensions and photon response as the 3He detector but is insensitive to
neutrons. One must simply repeat every NNS measurement with both detectors and subtract the
4He reading from the 3He reading to obtain the net neutron-only signal [22]. When operated
in current-mode, the measured current is converted to the corresponding count rate using a
vendor-specified calibration coefficient [22].

Fast neutron moderators

The NNS has seven concentric cylindrical moderator shells that are assembled in Russian nesting
doll fashion, as shown in Figure 3.4(a). Each of these shells is constructed of high-density
polyethylene (HDPE) and increase in diameter from 3 to 10 inches [22]. The dimensions of the
NNS shells were optimally designed to achieve a nearly isotropic response to incident neutrons
[2].

Detector response functions

The response functions for each moderator configuration of the NNS containing a 3He pro-
portional counter are defined between 1.2 meV and 15.9 MeV as shown in Figure 3.4(b). A
similar shift in the energy sensitivity can be seen in these response functions as those describing
the 197Au-based BSS system of Howell et al. [10] (Figure 3.3).
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Figure 3.4 The Nested Neutron Spectrometer (NNS). (a) Photograph of the HDPE cylindrical
moderator shells and the 3He proportional counter. (b) The NNS response functions.

Unfolding NNS measurements

Measurements obtained with the NNS can be unfolded using all of the same techniques used
to unfold BSS measurements. However, a custom implementation of the iterative Maximum-
Likelihood Expectation–Maximization (MLEM) algorithm [23] that was developed by Maglieri
et al. [22] has been used by this research group to unfold NNS measurements. This approach
and our rational for adopting it are described in greater detail in the following manuscript-based
chapters.

Validation for use in radiation therapy

Although the current-mode of the NNS was calibrated in the low count-rate environment around
an AmBe source [2, 19, 22] it can be operated in the high count-rate environment around a
linac. A preliminary validation of the NNS in high count-rate environments was conducted
by Maglieri et al. [22], who used the NNS to measure neutron fluence spectra at several
locations in a radiation therapy bunker and found consistency with Monte Carlo generated
spectra. Subsequently, Mathew et al. [19] developed a passive NNS with 197Au foils in place
of the 3He proportional counter and used it to measure and compare with spectra generated
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using the conventional NNS. Results were in good agreement between the two detectors, which
served to validate use of the NNS in high count-rate radiation therapy environments. Moreover,
the streamlined design and efficient, active measurement process make the NNS an appealing
choice for such measurements.

3.5 Review of neutron spectral investigations in radiation
therapy

As discussed in Chapter 1, the neutron fluence spectrum produced by a linac operated at
high energies (≳ 8 MeV) is characterized by a fast peak, a thermal peak, and an intermediate
energy tail. Several published studies have demonstrated that the relative prominence of the
fast peak and thermal peak changes with increasing distance from the linac [13, 22, 24, 25].
Other variations in the shape and magnitude of neutron spectra due to variations in treatment
parameters have been investigated by many authors and are summarized here.

The particle type and energy of the beam have a large impact on the neutron fluence
spectrum. For photon beams, the neutron spectrum can increase by approximately an order
of magnitude by increasing the energy from 10 MV to 15 MV and is a few times higher still
at 18 MV [10, 26]. The neutron spectra produced by electron beams also vary significantly
with beam energy [27], although the magnitude is generally smaller than for photon beams
(e.g. the spectrum produced by a 20 MeV electron beam is similar in magnitude to a 10 MV
photon beam). Clinical proton beams produced by a synchrotron generate neutron spectra with
a third characteristic peak that is centred around the maximum beam energy (e.g. 250 MeV)
[28]. This peak arises because the neutrons produced by the direct photoionization process have
higher energies than for photon and electron beams, and are thus energetically distinct from
those arising from the compound nucleus process. The linac make and model also can have a
large impact on neutron fluence spectra, as demonstrated by Howell et al. [10]. Additionally,
a variety of linac collimation settings can affect the neutron spectrum, such as the field size
[16, 27] or the presence of the MLC [16].

Use of flattening-filter-free (FFF) beams has the potential to reduce photoneutron production,
as was investigated by Kry et al. [15, 29]. Implementation of FFF beams has recently become
possible because modern computerized treatment planning algorithms can perform calculations
using beams without a flat profile [30]. FFF beams offer several advantages, including the
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capability to deliver higher dose rates (i.e. faster treatments), reduce photon leakage from the
linac, and reduce photoneutron production [30]. Indeed, Kry et al. [15, 29] found that a ∼70%
reduction in photoneutron production per unit of photon dose was possible by experimentally
removing the flattening filter from the 18 MV beam of a Varian Clinac 21EX. However, until
the recent publication by our group (Chapter 4), there was a lack of data on photoneutron
production by lower energy FFF beams and for modern linacs with clinically-commissioned
FFF beams.
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4.1 Preface

As discussed in the previous chapter, published studies using BSS systems have shown that
the photoneutron fluence per unit photon dose can be reduced by using an 18 MV FFF beam
instead of an 18 MV beam [1, 2]. As these previous studies involved non-clinical beams, we
identified the need for additional experimental data on FFF beams that can be commissioned for
clinical use on modern linac models, such as the Varian TrueBeam. Nominally, 10 MV beams
are the lowest energy beams at which photoneutron production is a concern and are clinically of
interest because of their potential for improved skin-sparing and deeper penetration compared
to 6 MV beams. Thus, we carried out an investigation using the NNS to measure and compare
the photoneutron fluence spectra produced by the 10 MV and 10 MV FFF beams of a Varian

https://doi.org/10.1002/mp.13148
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Truebeam linac. For the purposes of this thesis, this study served to demonstrate our ability to
use the NNS to provide clinical information of value.

4.2 Abstract

Purpose: Neutrons are an unavoidable by-product of high-energy radiation therapy treatments
that deliver unwanted nontarget dose to patients. Use of flattening-filter-free (FFF) photon
beams has been shown to significantly reduce photoneutron production per monitor unit (MU)
of dose delivered. The purpose of this investigation was to characterize the photoneutron
production of the 10 MV and 10 MV FFF beams of the Varian TrueBeamTM linear accelerator.
Methods: Neutron fluence spectra were measured using a Nested Neutron SpectrometerTM

(NNS, Detec Inc., Gatineau, Canada). The ratios of neutron fluence and ambient dose equivalent
for the 10 MV FFF beam relative to the 10 MV beam, dubbed FF-ratios (FFF/FF), were used
to characterize the difference between the two beams. FF-ratios were compared under the
following three conditions (1) per MU, at various locations in the treatment room, (2) per MU,
with the linac jaws opened and closed, and (3) per electron striking the bremsstrahlung target,
as opposed to per MU, at one location with the jaws closed.
Results: On average, the neutron fluence for the 10 MV FFF beam was 37% lower per MU than
the 10 MV beam (FF-ratio = 0.63). The FF-ratio in neutron fluence and ambient dose equivalent
did not vary by much between different locations within the treatment room. However, the
FF-ratio in neutron ambient dose equivalent was reduced significantly when the linac jaws were
opened compared to closed, which implies that the jaws contribute more to the photoneutron
spectrum of the 10 MV FFF beam than to the 10 MV beam. Finally, it was found that the
10 MV FFF beam produces more photoneutrons per electron striking the bremsstrahlung target
than the 10 MV beam (FF-ratio = 2.56).
Conclusions: The photoneutron fluence per MU produced by the 10 MV FFF beam is 37%
lower than the 10 MV beam of a Varian TrueBeam linac. Accordingly, a reduction in neutron
dose received by patients is achieved through use of the unflattened beam, provided that
treatment plans for each beam require approximately the same number of MU. It was found to
be instructive to compare the photoneutron yield per source electron between the two beams as
it helped provide an understanding of the physics underlying photoneutron production in both
beams.
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4.3 Introduction

During external beam radiation therapy treatments that utilize high-energy photons (≳ 8 MV),
neutrons are produced via photoneutron reactions between photons and components inside
the head of the linear accelerator (linac). Within the treatment room, the production of these
unwanted but unavoidable photoneutrons poses a potential risk to both patients, in the form
of nontarget dose [3–5], and staff due to activation of in-room materials [6–9]. Compared
to other types of ionizing radiation, neutrons have a high relative biological effectiveness for
carcinogenesis that varies with neutron energy. Thus, treatment techniques that offer lower
photoneutron yield, and thereby reduce the carcinogenic risk posed to patients by photoneutrons,
are of interest to the radiation therapy community.

The primary sources of photoneutrons in a linac are the primary collimator, bremsstrahlung
target, flattening filter, jaws, and the shielding material surrounding the bending magnet and
head [2, 10, 11]. Flattening-filter-free (FFF) beams have been recently incorporated into clinical
practice because they offer several advantages compared to conventional, flattened beams.
These include the capability to deliver higher dose rates, reduce treatment duration, improve
dosimetry, reduce photon leakage from the head, and reduce photoneutron yield [12].

Measurements and Monte Carlo modeling have demonstrated that neutron yield per monitor
unit (MU) is significantly reduced when the flattening filter is removed, but the overall shape
of the neutron energy spectrum is essentially unchanged [1, 2, 13, 14]. The first evidence of
this was published in 2007 by Kry et al. [1], who measured the photoneutron fluence around a
Varian 21EX Clinac with and without the flattening filter for an 18 MV beam. They noted that
their 18 MV FFF beam used the same monitor chamber calibration as the 18 MV beam and
delivered 3.65 cGy of photon dose at dmax in water along the central axis per MU, compared
to 1 cGy for the 18 MV beam. An average reduction of 20% in the neutron fluence per MU
was observed, corresponding to a 76% reduction in the neutron fluence per photon dose at dmax.
Subsequently, they calculated that a reduction in neutron fluence by 69% could be expected for
an IMRT prostate treatment plan delivered with their 18 MV FFF beam instead of the 18 MV
beam.

Since the publication of Kry et al. [1], there has been limited experimental data published
on (1) modern linear accelerator models, such as the Varian TrueBeam, and on (2) 10 MV
photon beams. Modern linacs are of interest because they offer the ability to treat patients using
calibrated unflattened beams. 10 MV beams are of interest because they are the lowest energy
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photon beams at which photoneutron production is typically a concern. This is an important
consideration, for example, when examining the implications of using 10 MV beams to treat
patients with implanted cardiac devices. Additionally, IMRT treatments at 10 MV are of interest
because of the potential for improved skin-sparing and deeper penetration than treatments at
6 MV.

Motivated by the above, we undertook an investigation to compare the relative photoneutron
yield of the clinically-commissioned 10 MV and 10 MV FFF beams of a Varian TrueBeam
linear accelerator at our centre. We used a Nested Neutron SpectrometerTM (NNS; Detec Inc.,
Gatineau Quebec) [15] to measure the photoneutron fluence spectra produced by each beam.
To thoroughly examine the physics underlying photoneutron production, the following three
measurement objectives were set:

1. Determine if the relative photoneutron yield per MU of the two beams varies with
measurement location in the treatment room.

2. Evaluate the effect of the linac jaws on the relative photoneutron yield per MU of the two
beams via measurements at two field sizes.

3. Determine which beam produces more photoneutrons per electron striking the linac
bremsstrahlung target, and quantify by how much.

In this paper, we report on the methodology we used to achieve our three objectives and on
the findings of our investigation. With regard to objective 2, we note that comparisons of the
photoneutron yield of flattened and unflattened photon beams as a function of treatment field
size have previously been reported in the literature [1, 2, 16]. Also, it is known that there is
interplay between photoneutron production in the flattening filter for flattened beams and in
the linac jaws for unflattened beams [2]. Our rationale for including a field-size comparison
in this work was that it would facilitate understanding of the results of objective 3 given the
potentially-unique combination of flattening filter and jaws in the Varian TrueBeam at 10 MV.

4.4 Materials and Methods

4.4.1 The Nested Neutron Spectrometer

The NNS is a neutron spectrometer that operates similarly to a Bonner sphere spectrometer [17],
and was previously validated by our group for use in radiation therapy facilities [18]. It consists
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Figure 4.1 The Nested Neutron SpectrometerTM (NNS). (a) Schematic cross section of the
cylindrical NNS system that shows the central He-3 detector (red) and seven moderator shells
[15]. The signal processing pathway for current-mode operation is shown and includes modera-
tor response functions that were generated by the NNS vendor. (b) Photograph of the NNS on a
tripod. The tripod height may be adjusted between measurements to keep the He-3 detector at
the same location for all moderator configurations.

of a central He-3 detector and seven cylindrical high-density polyethylene moderator shells
assembled in nesting Russian doll fashion. A schematic and photograph of the NNS are shown
in Figure 4.1. Thermal neutrons are detected by the He-3 detector through (n,p) reactions with
the He-3 gas (Q-value 764 keV). The ambient neutron spectrum is sampled by surrounding
the He-3 detector with moderator shells such that ambient neutrons of increasing energy are
thermalized and become detectable as successive shells are added.

The He-3 detector can be operated in two modes: pulse-mode and current-mode. Pulse-
mode, in which individual neutron events are counted, can only be reliably used in environments
with count rates less than 1×104 counts per second (cps), and is thus unsuitable for use around
radiation therapy linacs where neutron count rates may exceed 1×106 cps. For use in radiation
therapy environments, the He-3 detector may be operated in current-mode, as described in our
earlier publication [18]. In this mode, a neutron-insenstive He-4 detector is used to quantify any
photon contribution to the He-3 signal. The resulting photon-subtracted accumulated charge
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measurements are converted to neutron count rates using a calibration coefficient of 7.0 fA/cps
that was provided by the NNS vendor and previously validated by our group [18].

In this paper, the term “measurement” will be used to describe a complete set of eight
He-3 measurements obtained using all seven moderator configurations and the bare detector,
with leakage and the photon component removed. For a particular experimental setup, one
“measurement” gives rise to one measured spectrum for that setup after spectral unfolding, as
described below.

4.4.2 Unfolding the neutron counts per second data

The count rates measured by the NNS for a particular moderator configuration represents a
convolution of the ambient neutron fluence spectrum and the NNS response function for that
configuration. To obtain the ambient neutron spectrum, the response functions must be unfolded
from the cps data. In our research group, unfolding is performed using a custom-developed
Maximum-Likelihood Expectation-Maximization (MLEM) algorithm that we validated in our
earlier work using reference neutron sources and Monte Carlo modeling [18]. When iterated to
convergence, the MLEM algorithm maximises the likelihood of obtaining the measured data
{mi} given that the spectrum is {n j}, and is described as follows:

nk+1
j =

nk
j

N
∑

i=1
ai j

N

∑
i=1

ai j
mi

J
∑

b=1
aibnk

b

. (4.1)

Here, the index i spans the number of moderator configurations (N), j and b span the
number of energy bins (J) over which the NNS response functions are defined, and k is the
iteration index of the MLEM algorithm. Thus, nk+1 is the next estimated spectrum of the
MLEM algorithm, nk is the current estimate, a is the response function of the detector, and m is
the set of measurements in counts per second. The NNS response functions span thermal to fast
neutron energies as shown in Figure 4.1, and thus permit unfolding the entire neutron spectrum
of interest in radiation therapy. A step function (high at thermal energies and low onward) is
used as the starting spectrum for the unfolding process. Its appropriateness was determined by
reconstructing Monte Carlo spectra, as outlined in our previous publication [18].

A stopping criterion must be provided to the MLEM algorithm to terminate the unfolding
process. To this end, a number of iterations must be identified that yields completely unfolded
spectra with minimal accumulation of noise. In this work, in order to ensure fair comparison
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between the FF and FFF beams, the same number of iterations was used for all corresponding
10 MV and 10 MV FFF spectra that were measured under identical experimental conditions.

In our unfolding algorithm, uncertainties in the unfolded spectra are estimated using a
Poisson random sampling process. Each count rate measurement is considered as the mean
and variance of a Poisson distribution, from which a randomly-sampled measurement may be
obtained. Fifty randomly-sampled measurements are obtained in this way and each is unfolded
to obtain 50 sampled neutron spectra. The average root mean square difference between the
measured spectrum and the sampled spectra is used as the spectrum uncertainty.

4.4.3 Facilities and Experimental Setup

Two photon beams of a Varian TrueBeam linac were used in this study; the 10 MV and
10 MV FFF beams. Both beams were in clinical use, having been commissioned and calibrated
in accordance with the AAPM TG-51 protocol such that one MU corresponds to a photon dose
delivery of 1 cGy at dmax in water on the central axis for a field size of 10×10 cm2 [19]. All
measurements were obtained with gantry rotation of 0°, collimator rotation of 0°, couch rotation
of 0°, and a fully-retracted multi-leaf collimator. The sensitive volume of the detector within
the NNS was placed at the height of isocentre at for all measurements.

Setup for Objective 1

The first measurement objective was to determine if the relative photoneutron yield per MU
between the two beams is dependent on measurement location within the treatment room.
Thus, neutron spectral measurements were made for each beam with the NNS placed at three
distinct locations: location A at 100 cm from isocentre along the couch and away from the
gantry, location B at 200 cm from isocentre also along the couch and away from the gantry, and
location C at the maze-room junction. These locations are shown in Figure 4.2. The linac jaws
were closed (field size of 0.5×0.5 cm2 at isocentre) and a photon dose rate of 400 MU/min
was used to deliver 200 MU for each of the eight NNS configurations. For simplicity, the same
dose rate was used for the two beams.

Setup for Objective 2

The second objective was to evaluate the effect of the linac jaws on the relative photoneutron
yield of the two beams. Therefore, an additional measurement was made at location A for
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Figure 4.2 Schematic of the doorless treatment room in which neutron spectral measurements
were made. Measurement locations are shown in red. Figure not to scale.
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both beams with open jaws (field size of 20× 20 cm2) to be compared with those acquired
at location A with the jaws closed. The dose rate of 400 MU/min and dose of 200 MU were
maintained for this measurement.

Setup for Objective 3

The third and final objective was to determine which beam produces more photoneutrons per
electron striking the linac’s bremsstrahlung target (i.e. per source electron). An oscilloscope
was used to measure the electron pulse width and pulse repetition frequency on the target in
order to find dose rates at which the rate of source electrons was the same for both beams. We
found that when operated at their maximum dose rates with the dose rate servo turned off, the
rates of source electrons were the same. These dose rates were nominally 600 MU/min for the
10 MV beam and 2400 MU/min for the 10 MV FFF beam but they ran approximately 15%
higher when the dose rate servo was turned off.

To meet our third objective, measurements were made with the NNS at location A while
both beams were operated at their maximum dose rates with the dose rate servo turned off and
linac jaws closed. We operated them for the same amount of time (30 seconds for each NNS
configuration) to generate the same number of source electrons for each beam.

4.4.4 Measurement Quantities

The counts per second data for each measurement were unfolded to obtain a neutron fluence
spectrum. The total fluence (Φ) for each measurement was calculated by integrating over the
entire unfolded spectrum. For objectives 1 and 2, in which the same number of MU was used for
both the FFF and FF beams, the neutron fluence was normalized per MU. For objective 3, since
the absolute number of source electrons for each beam was unknown but equal, the neutron
fluence for each beam was normalized per second.

The neutron ambient dose equivalent (H∗(10)) was also calculated for each measurement.
This was achieved by multiplying the measured fluence in each energy bin of the neutron
fluence spectrum by the appropriate neutron fluence-to-dose conversion coefficient provided in
ICRP-74 [20], and summing over each bin.

To examine the effect of the flattening filter, the ratio in measured quantities of the FFF to
the FF beam, which we refer to as the FF-ratio (FFF/FF), was calculated for all measurements.
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Table 4.1 Total neutron fluence per monitor unit (Φ) for the 10 MV and 10 MV FFF beams of
the Varian TrueBeam linac.

Φ (n · cm−2 · MU−1)

Location Field size (cm2) 10 MV 10 MV FFF ΦFFF/ΦFF

A 0.5×0.5 (3.52±0.08)×103 (2.32±0.07)×103 0.66±0.02

A 20×20 (3.13±0.08)×103 (1.94±0.07)×103 0.62±0.03

B 0.5×0.5 (2.08±0.07)×103 (1.33±0.05)×103 0.64±0.03

C 0.5×0.5 (4.0±0.1)×102 (2.36±0.09)×102 0.58±0.03

Statistical uncertainties in all measurement quantities were calculated by propagating the
uncertainty in the unfolded spectra using standard error propagation rules.

4.5 Results

4.5.1 Results for Objective 1: Effect of measurement location on pho-
toneutron yield per MU

The unfolded neutron fluence spectra per MU for the 10 MV and 10 MV FFF beams that were
measured at locations A, B, and C are shown in Figure 4.3. Statistical uncertainties are shown
as shaded regions around the spectra. A fast neutron peak and thermal neutron peak are seen for
both beams under all setup conditions. The total neutron fluence and ambient dose equivalent
per MU, as determined from the spectra, are tabulated in Table 4.1 and 4.2. The FF-ratios in
these parameters are also provided. It is evident from Figure 4.3 and Table 4.1 that the neutron
fluence per MU for the 10 MV FFF beam was consistently lower than the 10 MV beam.

As expected, the total neutron fluence per MU decreased with increasing distance from the
linac for both the flattened and unflattened beam. A statistically significant decrease in the
FF-ratio at location C compared to locations A and B was observed. This may be attributed to
the almost-complete thermalization of the fast neutron peak of the unflattened beam as seen in
Figure 4.3(d).

The change in neutron ambient dose equivalent per MU as a function of location, as tabulated
in Table 4.2, was found to be consistent with the change in fluence for both beams.
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Figure 4.3 Neutron fluence spectra per MU for the 10 MV (black) and 10 MV FFF (red) beams
of a Varian TrueBeam linac. Spectra were measured at (a) location A, 100 cm from isocentre
along the couch and away from the gantry, with closed linac jaws (field size of 0.5×0.5 cm2),
(b) location A, 100 cm from isocentre along the couch and away from the gantry, with open
linac jaws (field size of 20×20 cm2), (c) location B, 200 cm from isocentre along the couch
and away from the gantry, with closed linac jaws, and (d) location C, the maze-room junction
with closed linac jaws. The statistical uncertainties in each 10 MV and 10 MV FFF spectrum
are shown as the black and red shaded regions respectively.



4.5 Results 63

Table 4.2 Neutron ambient dose equivalent per monitor unit (H∗(10)) for the 10 MV and
10 MV FFF beams of the Varian TrueBeam linac.

H∗(10) (mSv · MU−1)

Location Field size (cm2) 10 MV 10 MV FFF H∗(10)FFF
H∗(10)FF

A 0.5×0.5 (4.1±0.1)×10−4 (2.86±0.09)×10−4 0.69±0.03

A 20×20 (3.90±0.08)×10−4 (2.41±0.07)×10−4 0.62±0.02

B 0.5×0.5 (2.05±0.07)×10−4 (1.38±0.06)×10−4 0.67±0.04

C 0.5×0.5 (3.7±0.2)×10−5 (2.0±0.2)×10−5 0.55±0.06

4.5.2 Results for Objective 2: Effect of the linac jaws on photoneutron
yield per MU

Whether the jaws were opened or closed had an observable effect on the measured quantities.
As shown in Table 4.1, the FF-ratio in neutron fluence was lower with open jaws than closed
jaws at location A, although the two values were within statistical uncertainty. The FF-ratio in
neutron ambient dose equivalent per MU was also lower with open jaws, as shown in Table 4.2,
but the reduction was statistically significant in this case.

4.5.3 Results for Objective 3: Photoneutron yield per source electron

The unfolded neutron fluence rate spectra obtained at location A for the 10 MV and 10 MV FFF
beams with an equal number of source electrons are shown in Figure 4.4. For comparison, the
spectra obtained using 400 MU/min at location A with closed linac jaws were renormalized per
unit time and are also plotted in Figure 4.4.

The FF-ratios in the fluence rate and ambient dose equivalent rate for the two beams
with equal source-electron rates were determined to be Φ̇FFF

Φ̇FF
= 2.56±0.05 and (Ḣ∗(10))FFF

(Ḣ∗(10))FF
=

2.64±0.05, respectively. We note that these FF-ratios per source electron are approximately
four times larger than the FF-ratios per MU, for which both beams were operated at 400 MU/min
at location A. This was expected given the relative increase in dose rate from 400 MU/min to
the maximum for each beam (400 MU/min

400 MU/min to 2400 MU/min
600 MU/min ).
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Figure 4.4 Neutron fluence rate spectra for the 10 MV (black) and 10 MV FFF (red) beams of
a Varian TrueBeam linac measured at location A, 100 cm from isocentre along the couch and
away from the gantry with linac jaws closed. The spectra depicted with dashed lines correspond
to an equal number of source electrons and were obtained using the maximum available dose
rate of each beam. The spectra depicted with solid lines correspond to an equal number of
MU and were presented in Figure 4.3(a). Statistical uncertainties are shown as shaded regions
around each spectrum.

4.6 Discussion

To evaluate the consistency of our measured photoneutron yield with existing published data,
we compared our neutron ambient dose equivalent measurement at location A with closed
linac jaws using the 10 MV beam to the data reported for the 10 MV beam of a Varian Clinac
in NCRP 151 at the same location [21]. Our measured value of (4.1±0.1)×10−4 mSv/MU
corresponds to (41±1) µSv/Gy, which agrees with the published value of 40 µSv/Gy.
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4.6.1 Photoneutron yield per MU for the 10 MV and 10 MV FFF beams

In this investigation, it was found that the photoneutron fluence per MU produced by a Varian
TrueBeam linac was 34-42% lower for the 10 MV FFF beam than the 10 MV beam. This
reduction in neutron fluence per MU for the clinically-commissioned and calibrated unflattened
beam is due to the reduction in upstream photon fluence required to produce an MU when the
attenuating effect of the flattening filter is removed [1]. Qualitatively, this is consistent with
previous experimental and Monte Carlo studies at various photon beam energies for various
linac models [1, 2, 13, 14]. The closest point of reference to the present investigation was an
abstract published in 2015 by Sawkey and Svatos who simulated the neutron fluence produced
by the 10 MV FFF and 10 MV beams of a Varian TrueBeam over a 70 cm radius sphere centered
on the linac head [13]. They measured an FF-ratio in neutron fluence per MU of 0.58, which
agrees well with our results tabulated in Table 4.1.

Corresponding to the lower neutron fluence for the 10 MV FFF beam, a reduction in neutron
ambient dose equivalent of 31-38% was observed at the patient-relevant locations A and B. To
assess the potential reduction in neutron dose received by patients through use of the 10 MV FFF
beam instead of the 10 MV beam, one must consider the number of MU required to deliver
clinically-equivalent treatment plans for the two beams. Chung et al. [22] compared the number
of MU requried for equivalent VMAT-SABR (volumetric-modulated arc therapy, stereotactic
ablative body radiation therapy) prostate treatment plans using 10 MV and 10 MV FFF beams.
They found that the 10 MV FFF plans required 10% more MU than the 10 MV plans on average.
Similarly, Stieler et al. [23] found that 8% more MU were required for 6 MV FFF VMAT plans
than 6 MV plans to treat multiple brain metastases. However, they also found that 2-4% fewer
MU were required for 6 MV FFF IMRT plans than 6 MV plans to treat single brain metastases.
Based on a review of the literature, they concluded that flattening-filter-free treatment plans for
large volumes or complex plans tend to require more MU than equivalent plans with flattened
beams.

Thus, it seems reasonable to expect that approximately the same number or slightly more
MU (on the order of 10%) are required for 10 MV FFF treatment plans than 10 MV plans.
This does not offset the 31-38% reduction in neutron ambient dose equivalent per MU for the
10 MV FFF beam at locations A and B. An important reduction in neutron dose received by
patients treated with the 10 MV FFF beam can therefore be expected, although consideration
must be given to the size of the treatment volume and plan complexity. Additionally, the
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increase in scattered and leakage photon dose associated with a plan that requires more MU
must be considered in order to fully account for the nontarget dose received by patients.

4.6.2 The effect of measurement location on photoneutron yield per MU

Changes to both the unflattened and flattened photoneutron fluence spectra as the NNS was
placed further from the linac were qualitatively similar to previous findings by our group at
18 MV [18]. The total neutron fluence for each beam decreased with increasing displacement
from isocentre, and the dominant peak in the spectrum transitioned from the fast peak at
location A, 100 cm from isocentre, to the thermal peak at location C, at the maze-room junction.
This change in the dominant peak of the spectra for both beams was due to thermalization of
fast neutrons by the treatment room walls and furnishings [24]. The FF-ratios did not change
significantly from one location to the next for all measured quantities. This is consistent with
findings in the literature at 10 MV, 15 MV, and 18 MV for measurement locations outside of
the treatment field [1, 14].

4.6.3 The effect of the linac jaws on photoneutron yield per MU

Neutron fluence and ambient dose equivalent were found to decrease slightly more for the
unflattened beam than the flattened beam when the linac jaws were opened compared to when
they were closed. Although the reduction observed in the FF-ratio for the neutron fluence
was within statistical uncertainty, the reduction in the FF-ratio for the neutron ambient dose
equivalent was found to be statistically significant. The reduction may be attributed to the
fact that the neutron fluence to ambient dose conversion coefficients are energy dependent and
exhibit a peak around 1 MeV [20]. As seen in Figure 4.3(a) and 4.3(b), the fast peak of the
flattened spectrum shifted closer to 1 MeV (from 0.25 MeV to 0.4 MeV) when the jaws were
opened compared to when the jaws were closed, while the peak of the unflattened spectrum
remained at the same energy.

Physically, this may be explained by examining the relative amount of neutrons produced
by the various the components of the linac head. Kry et al. [2] demonstrated, using Monte
Carlo modelling, that the linac jaws contribute more to the neutron yield of the unflattened
beam than the flattened beam at 18 MV for the Varian 21EX Clinac. This is because without a
flattening filter to attenuate the upstream photons, the full neutron-producing potential of the
photon beam, which would otherwise be reduced by neutron production in the flattening filter,
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is transported to the jaws. The jaws thus play a more important role in generating neutrons
for the unflattened beam than the flattened beam. This finding is of particular relevance when
interpreting the photoneutron yield per source electron.

4.6.4 Photoneutron production per source electron

The photoneutron fluence per source electron obtained for the 10 MV FFF beam was 2.56 times
greater than for the 10 MV beam. Qualitatively similar findings have been reported for 18 MV
and 18 MV FFF photon beams by other groups [2, 16]. When the rate of electrons striking the
bremsstrahlung target is the same, the difference in photoneutron fluence between the flattened
and unflattened beam is simply due to the presence of the flattening filter. Everything else,
including the photon fluence upstream of the flattening filter, remains the same. This manifests
itself as higher photoneutron production per source electron for the unflattened beam than the
flattened beam for two reasons, both of which arise from the fact that the jaws contribute more
to photoneutron production in the unflattened beam.

Firstly, the jaws are further downstream in the linac head than the flattening filter. Therefore,
neutrons produced in the jaws are less likely to be absorbed before exiting the linac than those
produced in flattening filter. Secondly, the material composition of a flattening filter is typically
different than that of the jaws [2, 14], with the jaws having a higher photonuclear cross-section.
For example, Najem et al. [14] reported that the 10 MV flattening filter of the Varian Clinac is
composed of copper, while linac jaws are typically composed primarily of tungsten [1]. The
photoneutron cross-section of tungsten has a threshold energy below 10 MeV and is larger than
the cross-section of most intermediate-Z metals like copper, which have a threshold energy
around 10 MeV [25]. While the material compositions of the TrueBeam’s 10 MV flattening
filter and jaws are not disclosed by the vendor, we can use the observations from other linac
models by the same vendor to postulate that the jaws produce more photoneutrons per photon
than the flattening filter in a 10 MV beam.

Although it is of no clinical consequence, we believe that our approach of examining the
relative photoneutron production per source electron helps elucidate the underlying physics
of photoneutron production in linacs, and allows for comparison of findings obtained using
different linacs and different MU calibrations.
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4.7 Conclusions

The photoneutron production of a Varian TrueBeam linear accelerator was investigated at
10 MV with and without a flattening filter using a Nested Neutron Spectrometer. It was found
that the neutron fluence per MU of the unflattened beam was 34-42% lower than the flattened
beam, with minor variation as a function of measurement location and jaw setting. Thus, an
important reduction in the neutron dose received by patients can be achieved through use of the
10 MV FFF beam compared to the 10 MV beam, provided that treatment plans for each beam
require approximately the same number of MU.

When examined from the perspective of the number of neutrons produced per electron
striking the bremsstrahlung target, it was found that the 10 MV FFF beam actually produces
2.56 times more neutrons per source electron than the 10 MV beam. This difference may
be attributed to the composition of the jaws and the higher contribution of the jaws to the
photoneutron fluence of the unflattened beam than the flattened beam.
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5.1 Preface

As described in the previous chapter, when unfolding NNS measurements we terminated our
MLEM algorithm after a fixed number of iterations defined by an expert user. We identified
this step as an undesirable source of subjectivity in the unfolding process. We sought to
address this issue by incorporating an objective MLEM stopping criterion that was capable of
producing unfolded neutron fluence spectra that have achieved sufficient solution convergence
with minimal noise. The manuscript presented in this chapter describes how we developed and
validated such a stopping criterion.

https://doi.org/10.1016/j.nima.2020.163400
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5.2 Abstract

The spectrum of secondary neutrons generated by a medical linear accelerator (linac) during
high-energy radiation therapy must be accurately determined in order to assess the carcinogenic
risk that these neutrons pose to patients. Neutron spectrometers such as the Nested Neutron
Spectrometer (NNS) can be used to measure neutron fluence spectra but the raw measured
data must be deconvolved (unfolded) with the detector’s response functions. The iterative
Maximum-Likelihood Expectation-Maximization (MLEM) algorithm can be used to unfold the
raw data, however it lacks an objective stopping criterion and produces an increasingly noisy
solution as it iterates. In this work, we describe an objective stopping criterion that terminates
MLEM unfolding of secondary neutron spectra in radiation therapy after solution convergence
but prior to significant accumulation of noise. We validated the robustness of our stopping
criterion by using it to unfold NNS measurements spanning a wide range of neutron fluence
rates that were acquired around two linacs. We found that these unfolded spectra demonstrate a
high level of agreement with the corresponding ideal unfolded spectra (obtained using Monte
Carlo simulated spectra) and are relatively free of noise. Thus, use of our stopping criterion
increases confidence in experimentally unfolded neutron spectra and can aid in improving
carcinogenic risk estimates for patients receiving radiation therapy.

5.3 Introduction

The spectrum of secondary neutrons that is produced during high-energy radiation therapy
treatments (≳ 8 MeV) typically spans thermal energies up to the maximum energy of the
primary beam [1–3]. These neutrons deliver unwanted dose to patients, induce activation of
materials inside the treatment room, and thus pose a carcinogenic risk to both patients [4, 5]
and staff [6, 7]. Because the carcinogenic risk associated with neutron radiation is believed to
vary widely with energy [8, 9], accurate risk assessment requires accurate determination of the
neutron fluence spectrum.

Neutron spectrometers such as the Bonner sphere spectrometer [10] and the Nested Neutron
Spectrometer (NNS) [11] can be used to measure neutron fluence spectra, and both have
been used in the context of radiation therapy [12, 13]. The raw measurements obtained with
these detectors must be deconvolved with the detector’s response functions (i.e. unfolded)
in order to obtain the spectrum of interest. However, this unfolding problem is typically an
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under-determined problem having fewer measured data-points than the desired resolution of
the spectrum. Thus, mathematically there are an infinite number of spectra that can satisfy a
particular set of measurements obtained with one of these neutron spectrometers.

One method to solve an under-determined problem is to use the iterative Maximum-
Likelihood Expectation-Maximization (MLEM) algorithm that was first published in 1977
[14]. MLEM is widely used in positron emission tomography (PET) image reconstruction [15]
and has been used to unfold neutron fluence spectra by our group [13, 16] and others [17].
When convolved with the detector’s response functions, the MLEM solution (e.g. a voxelized
image when applied to PET, or a fluence spectrum when applied to neutron spectrometry) is that
which maximizes the likelihood of producing the measured data. However, it has been shown
that the level of random noise in the MLEM solution increases as the number of iterations
increases [18] due to (i) the ill-posedness of the problem, (ii) Poisson noise inherent to the
measurements, and (iii) imperfections in the modeled detector response [19].

A simple method to reduce noise accumulation in the MLEM solution is to apply a de-
noising filter after a fixed number of iterations [20]. Another method is to use the maximum a

priori approach wherein an additional factor is incorporated into the MLEM formulation that
penalizes “roughness” in the estimated solution at each iteration [20]. However, both of these
require subjective empirical tuning parameters and MLEM must be terminated at an arbitrary
and user-dependent number of iterations. One method that does not rely on an empirical tuning
parameter, is to introduce a stopping criterion that terminates MLEM when a statistical or
heuristic condition has been satisfied.

The objective of this work was to develop an MLEM stopping criterion for unfolding neutron
counts-per-second (CPS) data that are measured using the NNS. Specifically, we desired a
stopping criterion that terminates unfolding after sufficient convergence to the most likely
neutron fluence spectrum but prior to significant accumulation of noise, without requiring
subjective user input. Additionally, the stopping criterion must be robust enough to handle the
wide range of neutron fluence rates encountered in external beam photon and electron radiation
therapy (EBRT; ∼ 104 to 106 n·cm−2·s−1). This manuscript describes our method to develop
such a stopping criterion and the results of its application.
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5.4 Unfolding NNS measurements using MLEM

Use of the NNS in radiation therapy has been described previously by our group [13, 16].
Briefly, the NNS consists of a He-3 proportional counter that is sensitive to thermal neutrons
and seven cylindrical high-density polyethylene moderator shells that are assembled in Russian
nesting doll fashion. Thermal neutrons undergo neutron capture reactions (n,p) within the He-3
chamber, which are counted to yield a neutron CPS measurement. Neutrons of increasing
energy are detected by adding successive moderators around the He-3 chamber such that the
entire neutron energy range of interest is sampled.

A set of eight neutron CPS measurements mi obtained with the NNS must be unfolded with
the NNS response functions ai j to yield an estimate of the underlying neutron fluence spectrum
n j. We use the iterative MLEM algorithm to unfold NNS measurements, which is described by:

nk+1
j =

nk
j

I
∑

i=1
ai j

I

∑
i=1

ai j
mi

J
∑

b=1
aibnk

b

(5.1)

Here, the index i spans the number of NNS moderator configurations (I = 8), j and b

span the number of energy bins over which the response functions are defined (J = 52), and
k is the MLEM iteration index. A new spectrum estimate nk+1

j is generated at each iteration
by scaling the previous estimate nk

j by the normalized ratio of the NNS measurements to the
MLEM-reconstructed measurements. For succinctness, we denote the MLEM-reconstructed
measurements at each iteration as:

qk
i =

J

∑
b=1

aibnk
b (5.2)

A schematic of the unfolding process is shown in Figure 5.1. It is important to note that
the unfolded spectrum is highly dependent on the initial guess spectrum n0

j that is input to the
MLEM algorithm. Justification of our choice of the step function shown in Figure 5.1 and its
application for use in radiation therapy is presented in our previous publication [13].

We cannot directly obtain neutron CPS measurements by operating the He-3 chamber of
the NNS as a pulse-counting detector because the high fluence rates encountered in radiation
therapy lead to pulse-pileup. Instead, we operate the He-3 chamber in current mode and
measure a neutron-induced charge for each moderator configuration using an electrometer.
Each charge is first converted to a time-averaged neutron current and subsequently to a neutron
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Figure 5.1 Schematic of the NNS unfolding process. A time-averaged neutron current is
measured for each moderator shell configuration (eight total) and converted to neutron CPS.
These neutron CPS are input into a custom MLEM algorithm along with the NNS response
functions and a guess spectrum. The algorithm iterates until terminated, yielding an estimate of
the neutron fluence spectrum.

CPS measurement using a calibration coefficient that was provided by the vendor and validated
by our group [13].

5.5 The MLEM-STOP method

5.5.1 Application to PET image reconstruction

The MLEM-STOP method [19] relies on the fact that physical measurements naturally contain
Poisson noise such that mi = µi +βi, where µi are the mean counts of the distributions from
which each corresponding mi is sampled and βi are Poisson noise terms. Without a stopping
criterion, MLEM infinitely iterates to a spectrum nk→∞

j that maximizes the likelihood of
reconstructing the noisy mi. We are actually interested in the ground-truth spectrum n̄ j that
maximizes the likelihood of obtaining the noise-free measurements µi. To this end, consider
the following indicator function that may be evaluated at each MLEM iteration k:
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J k =
∑

I
i=1

(
mi −qk

i
)2

∑
I
i=1 qk

i
(5.3)

After the initial iteration, J k has a positive value whose magnitude depends on the guess
spectrum n0

j . As the iterations proceed, the reconstructed measurements converge to the noisy
measurements (qk

i → mi) such that J k → 0. At some intermediate iteration number, the recon-
structed measurements may equal the noise-free measurements (qk

i = µi). It is straightforward to
show that J k ≈ 1 when this occurs because the expectation value of the mean square deviation
(MSD) between a noisy measurement mi sampled from a Poisson distribution and the mean µi

is:

E
[
(mi −µi)

2
]
= µi (5.4)

The basis of MLEM-STOP is thus to set a threshold value, Jt = 1, and terminate unfolding
when J k ≤ Jt . At subsequent iterations it is increasingly likely that the noise inherent to
each measurement (βi) is reconstructed rather than the true noise-free measurement (µi) from
which the noisy measurement was sampled, which leads to noise in the unfolded spectrum.

Ben Bouallègue et al applied this method to reconstructing images from artificial PET
datasets and demonstrated promising results [19]. For each dataset, they compared the MLEM-
STOP estimate with (i) a conventional estimate obtained using a fixed number of iterations and
(ii) an ideal MLEM estimate. The ideal MLEM estimates were obtained by terminating recon-
struction of each dataset when the root mean square error (RMSE) between the reconstructed
image and the corresponding ground-truth artificial image was minimized. In terms of noise
content and resolution, the MLEM-STOP estimates were better than the conventional (fixed
iteration) estimates and very similar to the ideal estimates.

5.5.2 Application to neutron spectral unfolding

We applied the MLEM-STOP criterion to unfolding neutron CPS measurements obtained
with the NNS. However, we found the use of Jt = 1 unsuitable because the rate of MLEM
convergence (i.e. the rate at which mi/qk

i → 1) is independent of measurement magnitude, but
the rate at which J k → 1 is not (as explained in the Appendix). As a result, we found that
J k > Jt = 1 for all k when unfolding high magnitude measurements, which meant that the
stopping criterion was never satisfied. Also, when unfolding low magnitude measurements,
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we found that the stopping criterion was satisfied too early, resulting in spectra that had not
sufficiently converged. Thus, we developed a modified MLEM-STOP method that applied
well to measurements of varying magnitude that result from neutron fluence rates, Φ̇, of
approximately 104 to 106 n·cm−2·s−1.

5.6 A modified MLEM-STOP method

This section explores the core idea of our modified MLEM-STOP method; that there exists
an optimal average measurement magnitude m̄ideal (and corresponding neutron fluence) at
which the Jt = 1 stopping criterion best applies. We describe how we determined m̄ideal

using ideal unfolded spectra and then capitalized on the linearity of MLEM to establish a new
stopping criterion that may be applied when unfolding measurements spanning a broad range
of magnitudes.

5.6.1 Ideal unfolded spectra

As described by Ben Bouallègue et al [19], the ideal unfolded estimate nkideal
j of the ground-truth

spectrum n̄ j is determined by calculating the root mean square error (RMSE) between n̄ j and
the MLEM estimate nk

j at each iteration:

RMSEk =

√√√√∑
J
j=1

(
n̄ j −nk

j

)2

J
(5.5)

The ideal unfolded spectrum nkideal
j is obtained when the RMSE is minimized and represents

an ideal compromise between solution convergence and noise. Note that RMSE can only
be calculated if the ground-truth is known and thus minimization of RMSE cannot be used
experimentally as a stopping criterion.

In this work, we required nkideal
j for multiple spectra spanning a wide range of neutron fluence

in order to determine the optimal measurement magnitude m̄ideal at which the Jt = 1 criterion
best applies. As described in our previous publication on validating the NNS for use in radiation
therapy [13], we simulated and experimentally measured the photoneutron fluence spectra
produced by the 18 MV beam of a Varian Clinac 21EX at four locations in the treatment room
for which the neutron fluences varied significantly. These locations are shown in Figure 5.2(a).
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Figure 5.2 Schematics of the radiation therapy treatment rooms in which neutron spectral
measurements were made. Measurement locations are indicated in red. Figures not to scale.
(a) Treatment room housing the Varian Clinac 21EX with a door. Measurements were used to
develop and validate our novel stopping criterion. (b) Doorless treatment room housing the
Varian Truebeam. Measurements were used to further test our stopping criterion.

The simulations were performed using the Monte Carlo modeling package MCNP6 [21] with
validated in-house models of the linac (including accelerator components and shielding) and the
treatment room. In the present work, we assumed that each simulated spectrum was equivalent
to the ground-truth spectrum n̄ j at the corresponding location. The experimental nkideal

j was then
determined for each of the four NNS measurement sets by calculating the RMSE between the
simulated ground-truth and the reconstructed experimental spectrum at each MLEM iteration
(using Equation 5.5), and terminating when minimized.

5.6.2 A new stopping criterion

For each of the four datasets for which we determined nkideal
j , we calculated the mean devi-

ation (MD) between the experimental measurements and their corresponding reconstructed
measurements at the ideal number of iterations (qkideal

i ):

MD =
∑

I
i=1

∣∣∣mi −qkideal
i

∣∣∣
I

(5.6)
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Figure 5.3 Comparison of the mean deviation (MD) between NNS measurements and MLEM
reconstructed measurements (data points), and the expectation value of the MD between the
mean and sampled values of a Poisson distribution (dashed line), as a function of mean neutron
CPS. The solid line represents a linear fit through the origin to the experimental MLEM data.

We plotted the MD for each dataset as a function of the average measurement magnitude (i.e.
m̄ = ∑

I
i=1

mi/I), as shown in Figure 5.3. As previously stated, the rate of MLEM convergence
is independent of measurement magnitude and consequently the MD between measurements
and their reconstructions is linear with respect to measurement magnitude. Thus, a linear
least-squares regression through the origin was performed on these four data points, the result
of which is shown as the solid line in Figure 5.3. This fitted line represents the level of MLEM
convergence attained at the ideal number of iterations as a function of m̄. Note that we forced a
zero y-intercept because otherwise the regression produced a negative intercept that erroneously
implies a negative MD for data with low m̄.

This result was compared with the principle assumption of the MLEM-STOP method,
namely that qk

i → µi at some k. The expectation value of the MD between the mean of a Poisson
distribution and values sampled from the distribution is shown as the dotted line in Figure 5.3
and is calculated by [22]:
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MD =
2e−m̄m̄m̄+1

m̄!
(5.7)

The point where the two curves in Figure 5.3 overlap is the optimal magnitude (m̄ideal ≈
30000 ·CPS) at which the ideal level of MLEM convergence is aligned with the assumption of
MLEM-STOP. This leads to three possible scenarios:

1. If m̄ = m̄ideal, MLEM converges to the ideal unfolded spectrum nkideal
j around when

J k = Jt = 1.

2. If m̄ > m̄ideal, MLEM converges to nkideal
j at some point when J k > Jt = 1 because the

ideal experimental MD is greater than the theoretical expectation.

3. If m̄ < m̄ideal, MLEM converges to nkideal
j at some point when J k < Jt = 1 because the

ideal experimental MD is less than the theoretical expectation.

These scenarios clarify and quantify our earlier findings that MLEM-STOP does not apply
well to high magnitude measurements (never reaches J k = Jt = 1) nor to low magnitude
measurements (insufficient convergence when J k = Jt = 1).

Fortunately, since the rate of MLEM convergence is independent of m̄, one can simply
scale any set of measurements such that m̄ = m̄ideal by multiplying by m̄ideal/m̄. These scaled
measurements can then be unfolded using MLEM-STOP, which is terminated when J k ≤
Jt = 1. Following this approach, the final unfolded spectrum must be scaled back by the
inverse ratio, m̄/m̄ideal. An alternative approach that is simpler than scaling the measurements is
to specify a new threshold value for each unique dataset:

Jt =
m̄

m̄ideal
(5.8)

and terminate when J k ≤ Jt = m̄/m̄ideal. This latter approach is more succinctly stated as a
stopping criterion and was adopted as our modified MLEM-STOP criterion.

5.6.3 Uncertainty calculations

A statistical uncertainty in each neutron fluence spectrum obtained using the modified MLEM-
STOP method was estimated using a random sampling process that was adapted from the
method described in our previous publication [13]. All eight measurements mi in an NNS
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Table 5.1 The number of iterations, kSTOP, required to satisfy our modified MLEM-STOP
criterion for all experimental NNS datasets considered in this work. Datasets are grouped
according to their purpose and within each group are sorted in order of decreasing neutron
fluence rate Φ̇. The number of iterations, kideal, corresponding to the ideal unfolded spectra are
provided for the 18 MV datasets used to develop and validate our method.

Purpose Beam energy Location Φ̇
(
n · cm−2 · s−1) kideal kSTOP

Validation 18 MV 40 cm from isocentre (1.23±0.02)×106 3687 3699

18 MV 140 cm from isocentre (7.64±0.07)×105 2742 2113

18 MV maze-room junction (1.90±0.01)×105 2059 1674

18 MV maze (1.22±0.01)×104 5632 1182

Testing 15 MV 100 cm from isocentre (2.56±0.03)×105 N/A 3873

10 MV 100 cm from isocentre (2.18±0.03)×104 N/A 3879

16 MeV 100 cm from isocentre (1.36±0.01)×104 N/A 2805

dataset were set as the mean of a Poisson distribution and each distribution was subsequently
sampled 100 times to yield 100 pseudo-measurement sets. All of the pseudo-measurement sets
were then unfolded using the modified MLEM-STOP method. The root mean square difference
between the experimental unfolded spectrum and the 100 unfolded pseudo-spectra was then set
as the spectrum uncertainty.

5.7 Results

5.7.1 Validation: comparison with ideal unfolded spectra

To validate our modified MLEM-STOP method, we applied it to all four NNS datasets for
which nkideal

j and n̄ j were known (i.e. the measurements made at the locations indicated in
Figure 5.2(a)). The resulting MLEM-STOP spectra are plotted alongside nkideal

j and n̄ j in
Figure 5.4. The ideal number of iterations (kideal) and the number of iterations determined for
use in MLEM-STOP, denoted kSTOP, are provided in Table 5.1.
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Figure 5.4 Comparison of neutron fluence spectra obtained by unfolding NNS measurements
using our modified MLEM-STOP method (solid black) with corresponding ideal unfolded
spectra (solid green) and Monte Carlo simulated spectra that were assumed to be equivalent
to the ground-truth (dashed green). Spectra were obtained using the 18 MV beam of a Varian
Clinac at four locations around the treatment room; (a) at 40 cm from isocentre, (b) at 140 cm
from isocentre, (c) at the maze-room junction, and (d) in the maze.
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5.7.2 Testing: comparison with a conventional unfolding approach

To further test our modified MLEM-STOP criterion, we applied it to the unfolding of three
NNS datasets for which n̄ j and thus nkideal

j were unknown. These datasets comprised NNS
measurements at 100 cm from isocentre along the treatment couch of a Varian Truebeam linac,
as indicated in Figure 5.2(b). Measurements for the 15 MV and 10 MV photon beams as well
as the 16 MeV electron beam were obtained. The unfolded spectra are shown in Figure 5.5 and
the corresponding kSTOP values are provided in Table 5.1.

In the absence of ground-truth, we compared each MLEM-STOP spectrum with two spectra
obtained by terminating unfolding at fixed iteration numbers that serve as empirical upper and
lower limits, between which unfolding should usually be terminated. The upper limit was set
as kupper = 15000 because we observed that significant noise, in the form of adjacent bins of
alternating high and low magnitude, is typically visible in the intermediate energy region (∼
1 eV to 10 keV) at this number of iterations and above. The lower limit was set as klower = 1000
because with fewer iterations the fast and thermal peaks are typically poorly-defined, which
indicates insufficient convergence. These peaks are known to be well-defined for secondary
neutron spectra in photon and electron EBRT, as widely reported in the literature and observed
in our own Monte Carlo simulated spectra [1, 2, 13]. The spectra obtained at these upper
and lower limits are shown alongside the MLEM-STOP spectra in Figure 5.5. Note that the
Poisson sampling approach described in Section 5.6.3 was also used to estimate uncertainties
for the upper and lower limit spectra with the exception that the corresponding fixed number of
iterations was used as the stopping criterion for each set of pseudo-measurements (instead of
MLEM-STOP).

To demonstrate the dosimetric impact of the spectral differences shown in Figure 5.5, the
neutron ambient dose equivalent rate, Ḣ∗(10), was calculated for each MLEM-STOP spectrum
as well as for the conventional upper and lower limits. Ḣ∗(10) was calculated by multiplying the
measured fluence rate in each energy bin by the appropriate neutron fluence-to-dose conversion
coefficient provided in ICRP-74 [23] and by summing over all bins. The resulting Ḣ∗(10)
values are provided in Table 5.2. Uncertainties were set as the root mean square deviation
between the experimental Ḣ∗(10) value and the pseudo-Ḣ∗(10) values calculated for all 100
pseudo-spectra that were generated for the corresponding spectral uncertainty calculations.
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Figure 5.5 Comparison of neutron fluence spectra obtained by unfolding NNS measurements
using our modified MLEM-STOP method (black) with unfolded spectra using fixed iteration
numbers corresponding to empirical upper (red) and lower (blue) limits. An upper limit of
kupper = 15000 iterations and a lower limit of klower = 1000 iterations were used. Spectra were
measured at 100 cm from isocentre along the treatment couch for two photon beams and one
electron beam of a Varian Truebeam linac: (a) 15 MV, (b) 10 MV, and (c) 16 MeV.
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Table 5.2 Neutron ambient dose equivalent rates, Ḣ∗(10), associated with unfolded neutron
fluence spectra obtained using MLEM-STOP versus empirical upper and lower iteration limits.

Ḣ∗(10) (mSv · hr−1)

Beam energy Empirical lower limit MLEM-STOP Empirical upper limit

15 MV 124.7±0.7 131±2 135±1

10 MV 9.20±0.07 9.7±0.2 10.1±0.1

16 MeV 6.31±0.03 6.6±0.1 6.84±0.07

5.8 Discussion

Our modified MLEM-STOP method utilizes a statistical stopping criterion that terminates
iterative MLEM unfolding of secondary neutron fluence spectra in EBRT without subjective
user input. The spectra obtained with this method demonstrate a high level of agreement with
the corresponding ideal unfolded spectra (obtained through comparison with Monte Carlo
simulated spectra), as shown in Figure 5.4. This serves as validation of our method for neutron
fluence spectra ranging from Φ̇ ≈ 104 to 106 n·cm−2·s−1. It is important to note that the
experimental unfolded spectra (MLEM-STOP and ideal) do not agree completely with the
simulated spectra. This could be due to inaccuracies in the Monte Carlo models, limitations
of the resolution of NNS measurements, and the ill-posed nature of the unfolding problem.
However, this does not undermine our finding that MLEM-STOP is able to generate spectra
that are almost entirely within uncertainty of the ideal unfolded spectra.

The modified MLEM-STOP approach was also applied to NNS measurements for which the
ground-truth spectra were unknown; the results of which are shown in Figure 5.5. These spectra
appear reasonable because of the well-defined fast and thermal peaks (demonstrating sufficient
convergence) as well as the limited presence of visible noise in the intermediate energy region.
We do not have simulated ground-truth spectra to compare with because the specifications of
the beam shaping assembly of the Varian Truebeam linac is not disclosed by the vendor, and we
are thus unable to model it for Monte Carlo simulations. However, through comparison with
the empirical upper and lower limits, the MLEM-STOP spectra appear to satisfy our goal to
produce spectra that have sufficiently converged with minimal noise.

The effect of the spectral shape (and thus iteration number) on the dosimetric quantity of
interest, Ḣ∗(10), is elucidated in Table 5.2. For all three datasets, the ambient dose equivalent
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rate associated with the MLEM-STOP spectrum is significantly different from both the empirical
upper and lower limits. These differences arise from the tendency of the dominant peak (in
these cases, the fast peak) to increase in magnitude as MLEM iterates. This finding, coupled
with the fact that the fluence-to-dose conversion coefficients are peaked around 1 MeV [23],
results in the observed dosimetric discrepancies. Although there are no ground-truth Ḣ∗(10)
values to compare with, the MLEM-STOP estimates are a good compromise between the upper
and lower limits.

As shown in Table 5.1, the fluence rates of the spectra with no known ground-truth are
within the range spanned by the 18 MV spectra with known ground-truth. We anticipate
that the modified MLEM-STOP method is applicable for any set of measurements wherein
each measurement mi is governed by Poisson statistics because MLEM behaves linearly with
measurement magnitude. Regarding the unfolding of measurements acquired using the NNS
specifically, there may be experimental limitations at low fluence rates due to insufficient signal
relative to the noise and at high fluence rates due to loss of linearity of the He-3 chamber.

Finally, the dynamic threshold, Jt , of our modified MLEM-STOP method is calculated
using m̄ideal as shown in Equation 5.8 and thus the MLEM-STOP spectra are sensitive to
the fitting procedure used to determine m̄ideal. Furthermore, we believe our method may be
applied generally to other “classes” of spectra having significantly different shapes. However,
if a different guess spectrum is required, or if the level of convergence associated with ideal
unfolded spectra differs significantly from the fitted curve of Figure 5.3, then a new calibration
should be performed to determine m̄ideal. With knowledge of a few ground-truth spectra, the
procedure of Section 5.6.2 could then be used to determine m̄ideal for the “class” of spectra
under consideration.

Our software for unfolding and plotting neutron spectra, including our modified MLEM-
STOP algorithm, is provided as open-source software on GitHub [24].

5.9 Conclusions

We have developed a statistical stopping criterion to terminate iterative MLEM unfolding of
secondary neutron spectra in external beam photon and electron radiation therapy as measured
using the Nested Neutron Spectrometer. This stopping criterion is based on the MLEM-STOP
methodology published for PET image reconstruction by Ben Bouallègue et al. [19], and is
designed to terminate unfolding after sufficient solution convergence but prior to significant
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accumulation of noise. Modifications to the published method were required to accommodate
the wide range of neutron fluence rates encountered in radiation therapy. Our modified approach
uses a dynamic threshold value that is calculated for each unique set of measurements. We
obtained good agreement between the spectra unfolded using our modified MLEM-STOP
method and the ideal unfolded spectra obtained using knowledge of the underlying ground-truth
spectra. When applied to datasets with unknown ground-truth, we found that the MLEM-STOP
spectra qualitatively met the theoretical goals of the method. This method should be generally
applicable to measurements of any magnitude but may require a unique calibration using known
ground-truth for spectra having distinct spectral shapes and alternative guess input spectra.
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5.11 Appendix: Incompatible convergence rates

This appendix demonstrates why the rate at which mi/qk
i → 1 is independent of measurement

magnitude but the rate at which J k → 1 is not. Consider MLEM unfolding of an arbitrary
set of NNS measurements, mi, provided in Table 5.3. The reconstructed measurements, qk

i ,
after k = 2784 iterations of MLEM are also provided in Table 5.3. When these data are used to
calculate J k via Equation 5.3, a result of J k = 1 is obtained.

Now consider another set of eight NNS measurements, Mi such that Mi = 10mi. When these
are unfolded using the same number of iterations (k = 2784) the resulting MLEM-reconstructed
measurements, Qk

i , are equal to 10×qk
i as shown in Table 5.3. Thus, the ratios mi/qk

i and Mi/Qk
i

are equal, which indicates that the rate of MLEM convergence is independent of measurement
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Table 5.3 Comparison between the ratio of measurements to MLEM-reconstructed mea-
surements at k = 2784 iterations for an arbitrary NNS measurement set mi and an artificial
measurement set Mi such that Mi = 10mi

# moderators mi (CPS) qk
i (CPS) mi

qk
i

Mi (CPS) Qk
i (CPS) Mi

Qk
i

0 2129 2132 0.9988 21290 21320 0.9988

1 10340 10265 1.0073 103400 102650 1.0073

2 13207 13228 0.9984 132070 132280 0.9984

3 15457 15560 0.9934 154570 155600 0.9934

4 17635 17721 0.9951 176350 177210 0.9951

5 17035 16881 1.0091 170350 168810 1.0091

6 11476 11431 1.0039 114760 114310 1.0039

7 6156 6217 0.9903 61560 62170 0.9903

magnitude. However, when Mi and Qk
i are used to calculate J k at k = 2784, a result of

J k = 5.7 is obtained. This occurs because calculation of J k involves calculating mean square
differences between two values, which increases with the magnitude of the values even if their
relative values are constant.
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Part II

Using Monte Carlo methods to model the
energy dependence of neutron RBE for

stochastic effects



Chapter 6

Radiation carcinogenesis

In Part II of this thesis the focus shifts from experimental measurements of neutron spectra
to computational modeling of neutron RBE for inducing stochastic radiobiological effects
like carcinogenesis. To this end, this chapter presents a fundamental overview of both (a) the
characteristic features of carcinogenesis and (b) the mechanisms by which radiation can induce
carcinogenesis.

6.1 The genome

Discussion of carcinogenesis requires an understanding of the deoxyribonucleic acid (DNA)
molecule, genes, and genetic mutations. A high-level summary of these topics is presented in
this section.

6.1.1 The structure of human DNA

At the molecular level, DNA is comprised of paired strands of nucleotides arranged in a double
helix [1]. A nucleotide is a molecule consisting of three components: a nitrogenous base, a
five-carbon sugar (deoxyribose in the case of DNA), and a phosphate. There are four types
of nitrogenous bases that are used to construct DNA and they are classified according to their
molecular structure as either a purine or a pyrimidine. The purines are adenine (A) and guanine
(G), while the pyrimidines are thymine (T) and cytosine (C). A single strand of DNA is formed
by linking the 3’ (3-prime) and 5’ (5-prime) carbon atoms of adjacent deoxyribose molecules
via phosphodiester bonds. A second strand of DNA is bound to the first via several weak,
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Figure 6.1 The molecular structure of the DNA double helix. Figure reproduced from Price Ball
[2].

non-covalent interactions, including hydrogen bonds between opposing bases on either strand.
The result is the iconic DNA double helix containing two strands of DNA that are said to be
both complementary and antiparallel to each other. Complementarity refers to the fact that
the nitrogenous bases on the strands always bind in pairs, such that adenine always binds
with thymine and guanine always binds with cytosine. The strands are considered antiparallel
because they are bound in opposite orientation (i.e. the 3’ end of one DNA strand is bound to
the 5’ end of the complementary strand). A schematic of the structure of paired DNA strands is
shown in Figure 6.1.

An overview of the organizational structure of DNA from the double helix to the chromatid
is presented in Figure 6.2 [3]. To summarize, a segment of DNA containing approximately
150 nucleotide base pairs (bp) is tightly wrapped around a core of eight histone proteins to
form a nucleosome [4]. Nucleosomes are joined via linker DNA, resulting in the “beads
on a string structure of DNA” known as euchromatin. Further compaction is achieved via
the helical arrangement of linked nucleosomes into a “30-nanometer fibre”, as shown in
Figure 6.2. As suggested by the name, these chromatin fibres have a diameter of ∼30 nm and
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Figure 6.2 The hierarchical arrangement of DNA from the double helix to the chromatid. Figure
reproduced from Pierce [3].

are known as heterochromatin. Discrete, tightly-coiled segments of heterochromatin are known
as chromosomes. Prior to mitosis (somatic cell division), chromosomes are replicated to form
paired sister chromatids that are attached via a centrometre as shown at the end of Figure 6.2.

The Human Genome Project (HGP) elucidated that there are ∼3.1×109 bp comprising the
human genome [5], which are contained within 24 chromosomes (22 autosomal chromosomes
as well as the sex-determining X and Y chromosomes). Most human cells are diploid, which
means they contain a maternal and paternal copy of each autosomal chromosome and two
sex-determining chromosomes. Thus, there are approximately 6.2×109 bp in human somatic
cells during interphase, i.e. the phase of the cell cycle when it is not dividing [4].

6.1.2 Genes

A gene is a unit of genetic information that is comprised of a specific sequence of DNA base
pairs [6] and codes for the production of specific proteins with various biological functions.
Genes can take different forms called alleles that, along with other environmental factors,
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determine how a gene is expressed (i.e. its phenotype). The full genome contains approximately
21,000 protein-coding genes and a comparable number of non-coding segments of DNA (the
exact numbers are a matter of scientific debate) [7].

6.1.3 Genetic mutations

A genetic mutation is a permanent change in a sequence of DNA that can be passed from a cell
to its offspring via mitosis (somatic mutations) or from a parent organism to its offspring via
reproduction (germ-line mutations) [3]. The most fundamental way to classify mutations is
on the basis of their molecular nature, for which there are three categories: base substitutions,
insertions, and deletions. A base substitution is an alteration in a single nucleotide base, for
example the replacement of an A with a C. Deletions and insertions constitute the removal or
addition of one or more base pairs in a sequence of DNA, respectively. Examples of these types
of mutations are shown schematically in Figure 6.3.

There are a variety of possible phenotypic effects that result from a genetic mutation [3]. If
protein production and function is unimpacted by the mutation then the mutation is classified
as silent or neutral. If the mutation impacts protein function, it can be classified as either a
loss-of-function mutation or a gain-of-function mutation. A loss-of-function mutation causes
complete or partial disruption in protein function whereas a gain-of-function mutation causes
irregular function with regards to the time or location of gene expression.

Mutations play a crucial role in genetic variation between organisms in a population as
well as the evolution of species over time. However, mutations can also have serious adverse
biological consequences to an organism.

6.2 Carcinogenesis

The longest standing model of carcinogenesis is the somatic mutation theory, which essentially
stipulates that somatic mutations in certain genes can lead to the development of cancer [8, 9].
Mutations in three classes of genes constitute the basis of this theory: proto-oncogenes, tumour
suppressor genes, and DNA stability genes [6].

Proto-oncogenes promote cell growth. A gain-of-function mutation in a proto-oncogene
can cause a cell to ignore signals from other cells and thereby promote unregulated growth
and division. In contrast to proto-oncogenes, tumour suppressor genes act as negative growth
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Figure 6.3 Schematic examples of the types of DNA mutations according to their molecular
structure: (a) a non-mutated sequence of DNA, (b) a base substitution, (c) a deletion, and (d) an
insertion.

regulators. Thus, a loss-of-function mutation in a tumour suppressor can also result in uncon-
trolled cell growth. Finally, DNA stability genes play a key role in ensuring the integrity of
DNA. Improper function of DNA stability genes can result in the cell’s inability to detect and
repair DNA damage and can lead to the onset of mutagenesis.

Although a complete formula for the onset of carcinogenesis has yet to be established, it is
generally believed that the accumulation of multiple mutations is a stimulant for carcinogenic
effects [6]. Mutations that arise naturally within the cell tend to accumulate over time, which
helps to explain the increase in cancer risk with increasing age [10]. However, there are other
risk factors for carcinogenesis in addition to aging. Carcinogens are external agents that can
induce genetic mutations, accelerate their accumulation, and ultimately are associated with
increased cancer risk. Ionizing radiation is a recognized carcinogen that is capable of inducing
genetic mutations and promoting carcinogenic effects.

6.3 Evidence of radiation carcinogenesis

Much of our understanding about the carcinogenic effects of ionizing radiation in humans is
derived from epidemiologic studies in populations that were exposed to high levels of radiation
[11]. The most recent report of the United Nations Scientific Committee on the Biological
Effects of Ionizing Radiation (BEIR), BEIR VII [12], provides quantitative estimates of the
carcinogenic risk associated with ionizing radiation. The authors of the BEIR VII report
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estimated that the population-averaged excess cancer risk is 10.8% per Sv [6]. However, the
authors demonstrated that excess cancer risk estimates vary significantly with many factors
including sex and age at the time of exposure. The results summarized in the BEIR VII report are
primarily based on data from the Life Span Study (LSS) [13], which is an ongoing analysis of
radiation-induced effects on the survivors of the atomic bombings of Hiroshima and Nagasaki.

The carcinogenic risk associated with low doses of radiation (≲ 100 mSv) is a matter of
ongoing scientific debate [14–16]. The most widespread theory of carcinogenic risk applied in
radiation protection is the linear-non-threshold (LNT) model. The LNT model stipulates: (i) that
there is no minimum threshold dose below which the stochastic biological effects of ionizing
radiation do not occur and (ii) that the risk is is linearly proportional to the amount of dose
received. In terms of mutagenesis, the LNT model implies that a single ionizing radiation event
has a nonzero risk of inducing a mutation and that the risk increases linearly with increasing
radiation exposure.

Radiation therapy patients are one of few populations exposed to low doses of whole-body
radiation that can be epidemiologically studied for increased cancer risk. Hall and Giaccia [6]
performed a review of such epidemiologic studies in 2012. They found that all single-institution
studies independently concluded that there was no increased risk of second malignancies among
patients that received radiation therapy compared to other standards of care. However, some
multi-institutional studies with larger patient cohorts, and thus greater statistical power, have
identified statistically significant excess cancer rates among radiation therapy patients, which
were elevated in long-term survivors. Among these larger studies, Brenner et al. [17] found
an average increased second cancer risk of 6% among a population of 51,000 cancer patients
treated for primary prostate cancer using solely radiation therapy compared to a population of
70,000 patients who were treated using surgery alone. The excess second cancer risk was found
to increase with post-treatment time and reached 34% after 10 years. More recently, Grantzau
and Overgaard [18] reviewed second cancer occurrence among 762,458 breast cancer patients.
They identified an excess cancer risk in patients treated with radiation therapy that was on the
order of a few percent and also increased with time post-treatment. While not definitive, such
epidemiologic studies indicate that the low doses of whole-body radiation received by patients
during radiation therapy are associated with an increased cancer risk.
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Figure 6.4 Pathways for radiation-induced mutagenesis with potential carcinogenic effects.

6.4 Pathways for radiation carcinogenesis

Presently, there are believed to be several pathways by which ionizing radiation can induce
mutagenesis, which may subsequently lead to carcinogenesis. These pathways are described
below and are shown schematically in Figure 6.4.

Target theory is a concept that has been applied to radiation-induced biological damage
for many decades [6, 11, 19–23]. This theory proposes that radiation interactions in specific
biological targets can cause adverse biological effects including mutagenesis. The most widely-
studied target is nuclear DNA, which can be damaged by radiation via direct and indirect action
[6]. Direct action is the ability of radiation to directly interact with atoms of DNA, which
can cause excitations and ionizations that result in DNA damage. Indirect action refers to the
ability of radiation to ionize and excite water molecules near DNA in a process known as water
radiolysis. Water radiolysis generates a variety of highly-reactive products called free radicals
(e.g. OH• radicals, aqueous electrons e−aq, etc.) that may diffuse far enough to interact with
DNA molecules and cause damage [24]. A permanent genetic mutation can occur if the DNA
damage induced by direct or indirect action is not repaired or is misrepaired.

Experimental evidence has indicated that nuclear DNA is not the only biological target of
radiation action that can lead to mutagenesis. For example, a pioneering study by Wu et al. [25]
used microbeams of alpha particles to selectively irradiate the cytoplasm of individual cells
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without irradiating the nucleus, which resulted in a unique spectrum of mutations in nuclear
DNA.

Other avenues for radiation-mutagenesis have been proposed as a result of experimental
evidence of enhanced levels of mutations in cells that were not directly exposed to ionizing
radiation [11, 20, 22]. These non-DNA targeted effects (NTEs) are broadly classified as (i)
radiation-induced bystander effects (RIBEs) and (ii) radiation-induced genomic instability
(RIGI) [22]. RIBEs are characterised by elevated rates of deleterious cellular effects (e.g.
mutations, cell death, etc.) in cells that are in the same colony as irradiated cells but that were
not directly exposed [21, 22]. RIGI refers to elevated rates of genetic alterations (e.g. mutations,
chromosome aberrations, etc.) within cells that descend from those that were irradiated but did
not experience genetic modifications themselves [22]. There is evidence to suggest that NTEs
have epigenetic origins, i.e. due to alterations in gene expression rather than genetic mutations
of the DNA sequence [22]. However, the exact nature of the cellular mechanisms that give rise
to these NTEs has not been determined conclusively.

The roles of extranuclear irradiation and NTEs in causing carcinogenesis are consistent
with the somatic mutation theory and do not refute the notion of target theory. Rather, they
promote the concept of an “expanding target” [22] both spatially (via extranuclear irradiation
and RIBEs) and temporally (via RIGI). Nevertheless, the mechanisms for these carcinogenic
pathways are considerably more unclear than the mechanisms of radiation-induced nuclear
DNA damage. The remainder of this thesis will focus on the mutagenic affects associated with
nuclear DNA damage with the understanding that they constitute only one piece of the larger
puzzle of radiation carcinogenesis.

6.5 Radiation-induced DNA damage

As previously discussed, direct and indirect action of radiation on DNA can induce DNA
damage that, if misrepaired or left unrepaired, can result in mutagenesis. An approximate
timescale for the physical, chemical, and biological effects of radiation action on DNA is shown
in Figure 6.5. DNA damage also occurs routinely in cells due to the production of free radicals
by endogenous processes like oxidative metabolism [26]. Indeed, cells have sophisticated and
effective DNA repair mechanisms, collectively known as the DNA damage response, to fix
DNA damage lesions [6].
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Figure 6.5 Approximate timescale for the effects of radiation action on nuclear DNA. Figure
adapted from Ledingham et al. [27].

This section describes the main types of DNA damage that can occur as well as the DNA
repair mechanisms typically employed to fix them. The chapter concludes with a discussion of
the propensity of radiation to induce clusters of DNA damage, which impede the typical DNA
repair pathways and are thus prone to misrepair and mutagenesis. All types of DNA damage
considered in this section are shown schematically in Figure 6.6.

6.5.1 Single strand breaks and base damage

There are two fundamental types of DNA damage: DNA single strand breaks (SSBs) and base
damage. A strand break is simply the result of a break in the phosphodiester bond between
adjacent sugar molecules in a strand of DNA. Base damage is a broader term that encapsulates
several types of damage to the nitrogenous bases of DNA, including the following subcategories:

• Apurinic and Apyrimidinic sites (collectively called AP sites) where the nitrogenous base
has been removed from a nucleotide in a DNA strand.

• Oxidized bases, wherein a nitrogenous base has been oxidized (i.e. an atomic electron
has been removed).

Base excision repair (BER) is the most relevant repair mechanism for both isolated base
damage and SSBs [28]. The BER pathway is triggered when an oxidized or otherwise damaged
base is detected by a DNA glycosylase enzyme, which then mediates the removal of the base to
yield a temporary AP site [29]. The AP site is cleaved from the DNA strand by another enzyme
(an AP endonuclease), resulting in a temporary single strand break. In the final stages of BER,
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Figure 6.6 Schematic examples of several types of DNA damage that can occur. (a) An
undamaged DNA double helix wherein each square represents a nitrogenous base attached to
the sugar-phosphate backbone. (b) A single strand break (SSB) depicted as a red separation
in the backbone. (c) A generic base lesion depicted as a red base. (d) A double strand break
(DSB) containing two SSBs on opposing strands. (e) A complex DSB cluster containing two or
more damage sites, including at least one DSB. (f) A non-DSB cluster containing two or more
SSBs or base lesions.
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Figure 6.7 The base excision repair repair pathway used to repair DNA base damage. AP
sites and single strand breaks are repaired via the same pathway starting from steps 2 and 3,
respectively.

polymerase enzymes synthesize a replacement nucleotide or chain of nucleotides that is inserted
into the gap and attached via ligase proteins. The repair of AP sites and SSBs follow from the
appropriate steps of the BER pathway [29]. This process is shown schematically in Figure 6.7.

6.5.2 DNA double strand breaks

A DNA double strand break (DSB) occurs when two SSBs are induced within one or two turns
of the DNA double helix (i.e. within 10–20 bp) on opposing strands [29, 30]. When a DSB
occurs, the remaining non-covalent bonds between paired nucleotides and the influence of
higher order chromatin structure are not strong enough to keep the two DNA fragments bound
together [29].
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DSBs are typically repaired by one of two mechanisms that are known as homologous
recombination repair (HRR) and non-homologous end-joining (NHEJ) [6]. HRR is slower
process than NHEJ [29] and is only available to cells in the late S or G2 phase of the cell cycle
wherein a sister chromatid is used as a template to ensure accurate repair. Cells that lack a sister
chromatid (i.e. not in the late S or G2 phase) are repaired via the NHEJ pathway, which is more
error-prone than HRR. For example, a mutation will arise if the DNA fragments resulting from
a DSB are joined together at the wrong ends during NHEJ. If this genetic rearrangement is
stable, in that it does not cause cell death, it can potentially activate an oncogene or de-activate
a tumour suppressor gene [29].

6.5.3 Clustered DNA damage

Radiation-induced isolated DNA damage lesions and DSBs can lead to misrepair and mutagene-
sis. However, these lesions are not believed to be the primary cause for the increased mutagenic
risk associated with ionizing radiation at low doses because (i) they are not produced at large
quantities at low doses relative to the endogenous rates of their production and (ii) their repair
mechanisms are generally quite effective [19, 31]. Instead, the propensity of radiation to induce
clusters of DNA lesions in close spatial proximity is widely considered a key initiating event
for mutagenesis [28–30]. These clustered DNA damage lesions (also known as locally multiply
damaged sites; LMDS [6, 31]) are rarely produced endogenously.

Both the mechanisms involved in DNA repair and their efficacy are impacted when indi-
vidual damages are clustered together within a few turns of the DNA double helix [28, 29].
The extent to which repair is impeded depends on the types of constituent damage and their
proximity to each other, in terms of both the number of base pairs between lesions and whether
the lesions are located within the same strand or on opposing strands [32, 33]. Detailed reviews
of this subject were recently conducted by Nickoloff et al. [34] and Sage and Shikazono [28].

Clustered lesions can be broadly classified as either (i) non-DSB clusters or (ii) complex
DSB clusters [28–30, 34]. Non-DSB clusters are comprised of SSBs, AP sites, and/or oxidized
bases and constitute approximately 70–80% of clustered DNA damage induced by low LET
radiation [28, 29]. The remaining 20–30% of clustered lesions are complex DSB clusters that
differ from “simple” DSBs due to the presence of one or more other lesions surrounding the
DSB.
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Non-DSB clusters can lead to mutagenesis in many possible ways. One avenue is through
misrepair of a non-DSB cluster that results in a de novo complex DSB cluster [29]. For example,
simultaneous BER of adjacent base lesions in a non-DSB cluster can inadvertently cause a
DSB, which is more difficult to repair than a simple DSB because of the additional surrounding
damage. However, it is important to acknowledge that the production of de novo DSBs is not
the only way by which non-DSB clusters can lead to mutations [30]. For example, the mere
presence of a AP site or SSB adjacent to an oxidized base greatly slows the BER pathway and
can yield mutations if the repair process is incomplete or in progress during DNA replication
[30].

Complex DSB clusters are typically repaired by the same HRR and NHEJ pathways as
simple DSBs but the efficacy is much lower due to the presence of additional DNA lesions.
This slow and inaccurate repair of complex DSB clusters primarily results in deletion mutations
that may span up to a few hundred base pairs [28, 30]. Misrepair of non-DSB clusters leads to a
more diverse spectrum of mutations including base substitutions, insertions, and deletions.

6.6 Summary

This chapter presented an overview of the structure and function of human DNA as well as its
role in carcinogenesis. The pathways by which radiation can induce mutagenesis and subsequent
carcinogenesis were then discussed. The propensity of radiation to induce clusters of DNA
damage that are prone to misrepair and mutagenesis makes for a compelling avenue to model
radiation-induced stochastic effects. The following chapters describe how Monte Carlo methods
can be used to model radiation-induced DNA damage in general, and to model clustered DNA
damage specifically to assess neutron RBE for stochastic effects.
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Chapter 7

Monte Carlo simulations of radiation
transport

Radiation transport codes based on the Monte Carlo (MC) method can be used to simulate
radiation interactions with biological targets such as DNA. This chapter begins with an overview
of the MC method and how it can be used to model radiation transport. Subsequently, overviews
of both condensed-history Monte Carlo (CHMC) methods and track-structure Monte Carlo
(TSMC) methods are provided. These discussions focus on the Geant4 and TOPAS CHMC
codes as well as their TSMC extensions, Geant4-DNA and TOPAS-nBio. The chapter concludes
with a review of MC investigations into the energy dependence of neutron RBE.

7.1 The Monte Carlo method

The MC method refers to a class of numerical techniques that use stochastic sampling to model
the outcomes of probabilistic events. These techniques were developed by scientists working
on thermonuclear weapons in Los Alamos during the 1940s [1]. A high-level description of the
MC method was first provided by Metropolis and Ulam [2] who also coined the term Monte
Carlo in reference to a casino in Monaco.

In the modern era, the MC method is implemented computationally using algorithms called
random number generators (RNGs). Because computers are inherently deterministic and
thus cannot generate truly random numbers, an RNG generates “pseudorandom” numbers [3].
A well-designed RNG is able to produce sequences of pseudorandom numbers that appear
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uncorrelated to any statistical test. In the context of MC, a pseudorandom number ξ , generated
by an RNG, is used to generate a random quantity of interest x via its underlying probability
distribution function (PDF) f (x). Further details of this method are presented in the next
section.

7.2 Radiation transport with Monte Carlo

The challenge of modeling radiation transport in matter is well suited for application of the
MC method because radiation interactions are governed by probability distributions. As
an illustrative example, consider the below problem of determining the distance between
subsequent interactions by a photon traversing an arbitrary absorbing medium.

7.2.1 Example Monte Carlo exercise: Determining the distance between
photon interactions

The probability distribution function governing the distance x between photon interactions in an
absorbing material is described by the following exponential distribution [1]:

f (x) = µe−µx (7.1)

where µ is the energy-dependent linear attenuation coefficient for the material being traversed,
with units of inverse distance. This total linear attenuation coefficient is related to the cross
sections for the photon interactions that were described in Chapter 2 via the following equation
[4]:

µ = N (σRS +σPE +σCS +σPP +σTP +σPN) (7.2)

where N is the density of atoms in the material and the subscripts on the cross sections σ

correspond to the various photon interactions (i.e. RS = Rayleigh scattering, PE = photoelectric
effect, CS = Compton scattering, PP = pair production, TP = triplet production, and PN =
photonuclear reactions).

A pseudorandom estimate of x is obtained by way of the cumulative probability distribution
function (CPD), which in this case is described as follows [1]:

F (x) =
∫ x

xmin

f
(
x′
)

dx′ =
∫ x

0
µe−µx′dx′ = 1− e−µx (7.3)



110 Monte Carlo simulations of radiation transport

For a normalized PDF, the corresponding CPD is a monotonically increasing function of x

with a minimum value of 0 and a maximum value of 1. Thus, a random estimate of x can be
obtained via a pseudorandom number ξ that has a value between 0 and 1 by simply inverting
the CPD. For sampling the distance between photon interactions this inversion results in the
following relationship between x and ξ :

x =− 1
µ

ln(1−ξ ) (7.4)

7.2.2 Overview of simulating radiation transport

MC modeling of radiation transport involves the simulation of one or more initial (primary)
particles in a geometric region of interest. A primary particle track and all of the secondary
particle tracks it produces via physical interactions are collectively referred to as an event.
Every particle track is treated as a set of discrete steps where each step encapsulates a single
interaction and a distance travelled. Multiple pseudorandom numbers are required per step in
order to describe:

1. The distance travelled by the particle between subsequent interactions (i.e. the step size).

2. The type of interaction.

3. The energy deposited by the interaction.

4. The energy distribution among the interaction products.

5. The angular orientation (i.e. direction) of the interaction products.

Each of these parameters has an associated PDF, as was shown above for the step size of a
photon track.

All secondary particles that are generated while simulating the current particle track are
added to a running queue that records the particle type, position, energy, and direction. Simula-
tion of the current particle track is terminated when an end condition is satisfied. End conditions
are typically one of the following: (i) the particle leaves the geometric region of interest, (ii) the
particle is absorbed by an interaction such as the photoelectric effect, or (iii) the particle energy
falls below a minimum energy threshold, at which point it is considered to have been absorbed
locally by the medium. A flow diagram that demonstrates the simulation of a photon track is
shown in Figure 7.1.
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Figure 7.1 Flow diagram that demonstrates the simulation of a photon track in an absorbing
medium using the MC method. Figure adapted from Andreo et al. [1].

This simulation process is repeated for every particle in the queue until the queue is empty.
Typically one or more quantities of interest are recorded (i.e. scored) throughout the duration of
the simulation, such as the total energy deposited in a particular geometric volume.

Although MC simulations are the gold standard for modeling radiation transport, they
have historically been quite slow compared to other analytical methods [1]. The magnitude
of this issue has been drastically reduced in recent years with modern computer architecture.
Nevertheless, faster simulation speeds may be required in some circumstances, such as when
modeling infrequent events, when attempting to quantify a low-magnitude effect, or in time-
sensitive situations like the generation of radiation therapy treatment plan. One “brute force”
approach to improving simulation speed is to parallelize the processing of particle tracks in the
queue by using multiple CPUs or by running multiple simulations across multiple processing
threads on the same CPU (i.e. multithreading).

Another optimization approach is to incorporate one or more variance reduction techniques
(VRTs) in the simulation. VRTs are a class of statistical methods that use approximations
to improve simulation efficiency with the requirements that they do not reduce simulation
accuracy or introduce bias [1]. VRTs must be carefully designed to meet these requirements and
typically the approximations underlying a particular VRT are only valid in a particular set of
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circumstances. The most important VRT for the context of this thesis is the “condensed-history”
transport of charged particles, which is the subject of the next section.

7.2.3 Condensed-history Monte Carlo

The simulation process outlined in the previous section is computationally undemanding for the
transport of neutral particles like photons and neutrons because the average step size between
interactions is approximately the same order of magnitude as the simulation geometry [3]. This
is not true, however, for charged particles where the step size is often many orders of magnitude
smaller than the size of the geometry. As described in Chapter 2, charged particle transport is
dominated by many soft Coulomb collisions that increase MC computation time considerably.
Thus, the explicit simulation of all charged particle interactions is a major bottleneck in MC
and is more pronounced for low energy particles.

From a modeling perspective, it is fortunate that these soft collisions typically involve only
small angular deflections with little or no energy transfer to the medium. Thus, as first described
by Berger [5], many soft collisions can be approximated as one larger, “condensed-history” step
using multiple scattering models. Such CHMC methods must be carefully designed to offer
meaningful improvements in computational efficiency while maintaining a sufficient number
of steps to ensure simulation accuracy. A schematic comparison of a realistic “event-by-event”
electron track and a condensed-history electron track is shown in Figure 7.2.

7.3 General-purpose Monte Carlo codes

General-purpose MC codes are radiation transport toolkits that utilize condensed-history tech-
niques for a wide range of applications, usually in the keV to GeV or TeV range [8]. There are
many general-purpose MC codes, which are often developed and maintained by large research
institutions or research collaborations [1]. A review of many of these codes was recently
conducted by Andreo et al. [1]. Additional “user codes” can be built upon these general-purpose
codes to modify or extend their functionality. This section provides an overview of the following
two codes, a general-purpose code and a user code, that were used in the study described in the
next chapter:

1. The general-purpose Geometry and Tracking version 4 (Geant4) toolkit [9–11].
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Figure 7.2 Schematic comparison of (a) a realistic electron track and (b) a condensed-history
electron track. The realistic electron track includes many soft collisions represented as black
circles and a single hard collision represented as a red circle. The condensed-history track
approximates many soft collisions using a smaller number of multiple scattering steps. Notice
that the hard collision resulting in a δ -ray is preserved in the condensed-history approach.
Dotted lines around the condensed-history track represent the approximate region of energy
deposition around the primary track in the realistic scenario, which is not accounted for in
condensed-history. Figure adapted from Nahum [6] and Rogers and Bielajew [7].

2. The Tool for Particle Simulation (TOPAS) software project; a user code built using
Geant4 [12, 13].

7.3.1 Geant4

The Geant4 toolkit is a CHMC code that was developed by the international Geant4 collabora-
tion, which has roots at the European Organization for Nuclear Research (CERN) [9]. Geant4
was developed using the object-oriented C++ programming language and is provided to users
under an open-source license. Geant4 was first released in 1998 and is currently on version
10.7.p2.

Geant4 facilitates MC transport of many particle species over a wide range of energies,
spanning from keV to PeV [11, 14]. Geant4 has therefore been widely adopted in many fields,
including high energy physics, space science, and medical physics. Among the most notable
features of Geant4 is its offering of an extensive variety of models to describe various physics
processes [9]. A physics process is essentially defined as an interaction between a particle and
an absorber with an energy-dependent cross section (as described in Chapter 2). On the other
hand, a model describes the characteristics of the products of a particular interaction. In many
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cases Geant4 offers multiple models of the same physics process that may span different energy
ranges (complementary models), or that may span the same energy range but offer a trade-off
between accuracy and speed (competing models).

Geant4 is well-suited to users that want to develop their own MC applications. To create a
new application, the user must define the following aspects of the simulation using custom C++
classes [9]:

• The physics processes to be considered and the models used to describe each process.
Geant4 provides many curated lists of physics processes and models that are known as
physics constructors.

• The physical geometry and material compositions of all components in the irradiated
region of interest. Within Geant4, any geometry component can be made “sensitive” such
that it records a physical quantity of interest.

• A source of particles with which to irradiate the specified geometric region of interest.

Other notable features of Geant4 include the functionality to (i) visualize both the geometry
and particle tracks of a simulation in real-time, (ii) optimize the simulation of many primary
particles via multithreading, and (iii) allow replication of identical geometry components in
complex setups in order to drastically reduce memory consumption [9, 11].

Overall, Geant4 is an extremely powerful and robust simulation code. Its main drawbacks
are the requirement for application developers to know the C++ programming language and the
steep learning curve associated with the Geant4-specific syntax.

7.3.2 TOPAS

TOPAS is a user code that was developed by Perl et al. [12], which wraps and extends Geant4.
In the context of TOPAS, wrapping refers to the fact that when a TOPAS MC application is
run, it is actually run using Geant4 in the background. However, TOPAS is structured in a
unique way and provides a distinct user interface. Indeed, TOPAS was originally developed to
simplify the user complexity associated with Geant4 and thereby lower the barrier to entry for
clinical medical physicists and researchers wishing to perform MC simulations in the context
of proton therapy. However, the scope of TOPAS has broadened to other forms of radiation
therapy and research since the initial public release in 2015 [13]. TOPAS is currently on release
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version 3.6.p1 and is freely available to researchers who work in association with non-profit
organizations.

The fundamental paradigm change that makes TOPAS more user-friendly than Geant4 is
the capability to develop and run MC applications without requiring any C++ programming.
This feat is achieved via a parameter control system that enables users to specify simulation
parameters within a text-based parameter file that is written in a structured ASCII format [12].
An example parameter file and visualization of the corresponding MC application are shown in
Figure 7.3.

Expert users of TOPAS with C++ programming knowledge can make use of the TOPAS
Extensions Framework [13]. The TOPAS Extensions Framework allows users to develop their
own geometry components, physics lists, particle sources, and scorers. These extensions are
developed as C++ classes with a custom TOPAS style that borrows heavily from Geant4 syntax
but includes a variety of extra helper functions to streamline development.

A major advantage of TOPAS relative to Geant4 is the ease by which custom-developed
MC applications can be shared. For example, a parameter file and possibly a few extension files
are all that is required to share and run a TOPAS application.

7.4 Track-structure Monte Carlo codes

TSMC codes facilitate the simulation of secondary electrons down to the low energies at which
excitations and ionizations take place. Most of the available TSMC codes only include physics
models for interactions in liquid water or water vapor, which have an excitation threshold around
10 eV. The application of condensed-history techniques to these low energy electrons is not
recommended because of the associated loss in spatial accuracy [15], as illustrated in Figure 7.2.
Thus, track-structure simulations model charged particle transport in a fully “analogue” manner
to emulate real particle tracks as closely as possible. By overlaying these realistic particle tracks
on cellular (µm) and subcellular (nm) geometries, one can simulate radiation-induced biological
damage. Although TSMC simulations are inherently more computationally intensive than
CHMC simulations, they are necessary when simulating biological effects like DNA damage.

When using TSMC methods, there are generally two approaches to simulate radiation-
induced direct DNA damage [14]:



116 Monte Carlo simulations of radiation transport

(a) (b)

(c)

Figure 7.3 A trivial MC application designed using TOPAS to irradiate a water phantom
with ten 500 keV photons. Screenshots of the entirety of the parameter file that specifies this
simulation are shown in (a) and (b). Parameters are defined using the format: Parameter_type
: Parameter_name = Parameter_value. A graphical representation of the resulting simu-
lation is shown in (c).
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1. Irradiate a homogeneous volume containing water and use microdosimetry to analyze
spatial patterns in energy depositions along radiation tracks in the absence of a geometric
DNA model.

2. Irradiate a geometric DNA model, record all energy depositions in the sensitive volumes
of interest, and empirically convert the energy depositions to DNA damage.

The first approach has the benefit and feature that it does not require modeling the structure
of DNA, which is a highly dynamic molecule that requires many assumptions to model. The
second approach is required to quantify DNA damage in absolute terms but relies on many
assumptions about DNA structure and the nature of how radiation energy deposition leads to
DNA damage. Thus, a major aspect of the development of TSMC codes is the development of
geometric models of biological structures such as nuclear DNA.

Relatively few of the TSMC codes that have been developed have been made publicly
available [8]. Two notable exceptions, available under open-source licenses, are the low-
energy extensions of Geant4 and TOPAS. These codes are called Geant4-DNA [8, 16–18] and
TOPAS-nBio [19], respectively.

7.4.1 Geant4-DNA

Geant4-DNA is included with the public Geant4 release but is developed and maintained by
a distinct group called The Geant4-DNA Collaboration [16]. The design and syntax used in
Geant4-DNA is the same as Geant4, and thus the same advantages and drawbacks are shared
between these codes. The main feature of Geant4-DNA is the inclusion of a variety of physics
models for the analogue transport of electrons, protons, and alpha particles [8]. Also included
with Geant4-DNA are a variety of biological targets implemented as geometric volumes [14].

Since its release, the functionality of Geant4-DNA has expanded to enable simulations
of water radiolysis resulting from irradiation [14, 20]. These simulations include models for
(i) generating free radical species, (ii) free radical diffusion, and (iii) a variety of chemical
reactions. By implementing this functionality into a MC application one can simulate indirect
DNA damage.
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7.4.2 TOPAS-nBio

Similar to the relationship between TOPAS and Geant4, TOPAS-nBio was developed to wrap
and extend the track-structure and radiation chemistry functionality provided in Geant4-DNA
[19]. As described by McNamara et al. [21], TOPAS-nBio offers a greater variety of geometric
models of biological targets that Geant4-DNA. Among these biological target models are
various chromatin fibre models that can be used when developing MC applications to assess
radiation-induced DNA damage.

An ongoing objective of the TOPAS-nBio group is to develop and incorporate tools to
model biological response following radiation damage. Indeed, the following two mechanistic
models of DNA repair were included in the most recent public release of TOPAS-nBio (version
1.0, released in May 2021): The DNA Mechanistic Repair Simulator (DaMaRiS) [22] and the
Mechanistic DNA Repair and Survival model (MEDRAS) [23].

7.5 Monte Carlo studies to model neutron RBE

TSMC methods offer a compelling avenue to investigate the mechanisms underlying the energy
dependence of neutron RBE for stochastic effects. Baiocco et al. [24] were the first to conduct
such a study, which was undertaken as one component of the international ANDANTE project
[25, 26] that ran from 2012 to 2016 [26]. The ANDANTE project had a broader objective to
assess neutron RBE via (i) physical simulations (ii) radiobiological experiments with stem
cells, and (iii) a prospective epidemiological study of second cancer rates caused by neutrons
produced during paediatric proton therapy treatments.

Baiocco et al. [24] used MC simulations to develop two distinct models of neutron RBE. In
the initial step of their method, the CHMC code PHITS [27] was used to determine the spectra
of secondary particles produced by 10 eV–1 GeV neutrons and a reference x-ray spectrum in
a human tissue phantom. Specifically, the ICRU sphere [28] was used as the tissue phantom
and particle spectra were recorded in three scoring volumes at increasing depth, as shown in
Figure 7.4.

For the first model, they used the microdosimetric function of PHITS [29] to approximate
particle tracks with energies that were randomly sampled from the secondary particle spectra.
A microdosimetric quantity called dose-mean lineal energy ȳD was calculated for all tracks,
which essentially characterizes the spatial clustering of energy depositions within each track.
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(i) (ii) (iii)

r = 15 cm

Figure 7.4 The ICRU sphere [28], containing three red scoring volumes at increasing depth: (i)
outer scoring volume, (ii) intermediate scoring volume, (iii) inner scoring volume.

An estimate of neutron RBE was obtained by dividing the ȳD obtained for initial neutrons by
the ȳD obtained for an initial 220 kV x-ray spectrum for every initial neutron energy and each
scoring volume (i.e. each depth). Baiocco et al.’s [24] results that were obtained in the outer
scoring volume of the ICRU sphere are shown in Figure 7.5(a).

For the second model, Baiocco et al. [24] used the TSMC code PARTRAC [33] to explicitly
generate particle tracks with energies sampled from the secondary particle spectra and used
these tracks to irradiate a DNA model. As a result of these irradiations, the authors scored
the yield of clusters of DNA damage that contained two or more DNA DSBs within 25 bp
(sometimes labeled as DSB++ lesions [33]). Similar to the first model, the authors divided
the cluster yield obtained for initial neutrons by the photon-induced result to estimate neutron
RBE. Estimates of neutron RBE were obtained for every initial neutron energy and for all
three scoring volumes. Baiocco et al.’s [24] results for the outer scoring volume are shown in
Figure 7.5(b).

The results obtained using both models exhibited similar energy dependence as the neutron
weighting factors and the neutron quality factors. Thus, the work of Baiocco et al. [24] was
a major milestone to link the energy dependence of neutron RBE for stochastic effects to
fundamental biophysical mechanisms. However, there were two notable drawbacks to their
study:
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Figure 7.5 Neutron RBE plotted as a function of energy for various MC models. Results for
each model are plotted alongside the ICRP neutron weighting factors [30] and the US NRC
neutron quality factors [31]. (a) Neutron RBE for the microdosimetric endpoint dose-mean
lineal energy, as determined by Baiocco et al. [24]. The three curves represent distinct choices
of an empirical tuning parameter used when calculating ȳD. (b) Neutron RBE for inducing
clusters of DNA lesions that contain two or more DSBs (i.e. DSB++), as obtained by Baiocco
et al. [24]. (c) Neutron RBE for the microdosimetric endpoint dose-mean lineal energy, as
determined by Lund et al. [32]. Each curve represents a different scale over which clusters of
energy deposition were considered when calculating ȳD.
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1. The use of the closed-source MC codes PHITS and PARTRAC. It is difficult to fully
gauge the robustness of Baiocco et al.’s [24] methodology and results because the details
of the microdosimetric PHITS function and their DNA model in PARTRAC are not
readily available. Additionally, the use of closed-source code means that independent
researchers wishing to expand on their work must start from scratch.

2. The consideration of a single type of clustered DNA lesion, namely those that contain at
least two DSBs. As discussed in the previous chapter, a wide variety of clustered lesions
are believed to have potential mutagenic consequences. Additional cluster parameters,
like the distance between lesions in a cluster, are also believed to impact DNA repair and
thus the mutagenic effects of clustered damage [34].

Our research group sought to address the first drawback in Baiocco et al.’s [24] study in a
recent publication by Lund et al. [32]. In our study, we developed a similar model to Baiocco
et al.’s [24] first model by developing a MC application with the open-source Geant4 and
Geant4-DNA toolkits. In our work we explicitly simulated particle tracks in a homogeneous
water phantom and used a weighted track sampling algorithm [35] to calculate ȳD values.
This algorithm allowed us to assess the clustering of energy depositions on varying scales
between 1 nm–1 µm and allowed us to gauge how neutron RBE may vary for different scales
of biological damage (e.g. considering damage at the scale of a DNA base pair vs. at the scale
of a chromosome). Our results obtained in the outer scoring volume are shown in Figure 7.5(c).

As yet, we have not publicly released our MC application for this study for various reasons,
including the relative difficulty in developing user-friendly Geant4 code. Additionally, an
assessment of neutron RBE for inducing a broader range of clustered DNA lesions was still
outstanding when our study was published.
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8.1 Preface

With the manuscript presented in this chapter, we aimed to address the drawbacks of the
previously published studies that used TSMC methods to model the energy dependence of
neutron RBE for stochastic effects. Specifically, we aimed to assess neutron RBE for inducing
all types of clustered DNA damage, thereby expanding on the analysis of DSB++ lesions by
Baiocco et al. [1]. Additionally, we aimed to conduct this study in a fully open-source manner.
To achieve these aims, we developed a novel TSMC application to score neutron-induced
clustered DNA damage in a model of nuclear DNA using the highly-shareable framework
of TOPAS and TOPAS-nBio. Both the development of this application and our results are
presented below.
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8.2 Abstract

Neutron exposure poses a unique radiation protection concern because neutrons have a large,
energy-dependent relative biological effectiveness (RBE) for stochastic effects. Recent compu-
tational studies on the microdosimetric properties of neutron dose deposition have implicated
clustered DNA damage as a likely contributor to this marked energy dependence. So far, publi-
cations have focused solely on neutron RBE for inducing clusters of DNA damage containing
two or more DNA double strand breaks (DSBs). In this study, we have conducted a novel
assessment of neutron RBE for inducing all types of clustered DNA damage that contain two
or more lesions, stratified by whether the clusters contain DSBs (complex DSB clusters) or
not (non-DSB clusters). This assessment was conducted for eighteen initial neutron energies
between 1 eV and 10 MeV as well as a reference radiation of 250 keV x-rays. We also exam-
ined the energy dependence of cluster length and cluster complexity because these factors are
believed to impact the DNA repair process. To carry out our investigation, we developed a
user-friendly TOPAS-nBio application that includes a custom nuclear DNA model and a novel
algorithm for recording clustered DNA damage. We found that neutron RBE for inducing
complex DSB clusters exhibited similar energy dependence to the canonical neutron RBE for
stochastic radiobiological effects, at multiple depths in human tissue. Qualitatively similar
results were obtained for non-DSB clusters, although the quantitative agreement was lower.
Additionally we identified a significant neutron energy dependence in the average length and
complexity of clustered lesions. These results support the idea that many types of clustered
DNA damage contribute to the energy dependence of neutron RBE for stochastic radiobiological
effects and imply that the size and constituent lesions of individual clusters should be taken into
account when modeling DNA repair. Our results were qualitatively consistent for (i) multiple
radiation doses (including a low dose 0.1 Gy irradiation), (ii) variations in the maximal lesion
separation distance used to define a cluster, and (iii) two distinct collections of physics models
used to govern particle transport. Our complete TOPAS-nBio application has been released
under an open source license to enable others to independently validate our work and to expand
upon it.
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8.3 Introduction

Reducing the long-term stochastic risk of radiation carcinogenesis is one of the primary objec-
tives of radiation protection. Of particular concern are radiation scenarios involving neutron
exposure, which include high-energy (≳ 8 MeV) radiation therapy [2, 3], nuclear incidents [4],
and space travel [5, 6]. Neutron exposure must be assessed separately from exposure to other
forms of radiation because neutrons have a comparatively high and energy-dependent relative
biological effectiveness (RBE) for stochastic effects. This energy dependence is encapsulated
in the neutron weighting factors (wR) promulgated by the International Commission on Ra-
diological Protection [7] and the neutron quality factors (Q) published by the United States
Nuclear Regulatory Commission [8]. Both sets of factors convey a marked energy dependence
of neutron RBE with a peak value occurring around 1 MeV. Accordingly, radiation therapy
scenarios warrant particular attention because the fluence spectrum of secondary neutrons that
is generated in such environments has a fast neutron peak around 1 MeV [2, 3], coincident with
maximal neutron RBE. While the secondary neutron absorbed dose associated with radiation
therapy is low compared to the therapeutic dose [9], it is generally believed that stochastic
radiobiological effects can occur at any dose.

Although the wR and Q factors exhibit qualitatively similar energy dependences, their
magnitudes are highly discrepant. This follows from the considerable variety of neutron RBE
values reported by the epidemiological investigations and radiobiological experiments on which
these factors are based [7, 8]. In light of these discrepancies, it is desirable to trace the origin
of neutron RBE to fundamental biophysical principles, as recently asserted by Baiocco et al.
[1]. To this end, consideration must be given to the mechanisms by which ionizing radiation is
generally believed to cause cancer.

The somatic mutation theory of carcinogenesis [10–12] posits that genomic mutations can
lead to carcinogenesis and is perhaps the most longstanding mechanistic theory of carcino-
genesis. Nowadays, it is generally believed that radiation can induce mutagenesis via several
pathways, including both nuclear DNA damage and non-targeted effects [13, 14]. Thus, it is of
interest to characterize direct radiation-induced DNA damage as one piece of the larger puzzle
of radiation-induced carcinogenesis.

The propensity of radiation to induce clusters of DNA damage, which are difficult to repair
and rarely occur endogenously, has been widely theorized as the primary mechanism by which



8.3 Introduction 129

radiation induces mutagenesis [15–19]. Therefore, one approach to evaluate the mutagenic
potential of neutrons is to model their relative ability to induce clustered DNA damage.

Track-structure Monte Carlo (TSMC) techniques that utilize low-energy physics models to
simulate event-by-event particle interactions can be used to model radiation-induced damage on
the nanoscopic level [20, 21]. Our group recently used the open-source Geant4-DNA toolkit
[22–25] to analyze neutron RBE for the microdosimetric endpoint dose-mean lineal energy at
various depths in human tissue [26]. The methodology we employed was similar to an earlier
study by Baiocco et al. [1] who used PHITS [27] and PARTRAC [28]. The energy dependence
of the microdosimetric neutron RBE values obtained in both studies was qualitatively similar
to the ICRP’s wR factors and the US NRC’s Q factors. While these microdosimetric studies
provide information on the spatially-clustered nature of energy deposition by neutrons and their
secondary particles, they do not explicitly provide information on clustered DNA damage. To
do so, a geometric model of nuclear DNA must be incorporated.

In a parallel study, Baiocco et al. [1] incorporated a geometric DNA model and evaluated
neutron RBE for the direct induction of clusters of DNA lesions containing at least two double
strand breaks (DSBs) within 25 bp (sometimes labeled DSB++ [28]). These results also
exhibited similar qualitative energy dependence to the neutron wR and Q factors. However,
DSB++ lesions represent only a small subset of an infinite variety of clustered DNA damage
lesions, each of which may have mutagenic potential. Recent experimental review papers
[17–19] have discussed the mutagenic potential of clustered lesions both with and without
DSBs (i.e. complex-DSB clusters and non-DSB clusters). These papers also highlighted how
DNA repair is heavily influenced by the specific types and number of lesions comprising a
cluster as well as the number of base pairs between them.

In this work we performed a novel assessment of neutron RBE for stochastic effects by
simulating neutron RBE for the direct induction of both complex DSB clusters and non-DSB
clusters. This manuscript describes how we used the TOPAS-nBio framework [29] to create
a new open-source Monte Carlo application that includes a custom nuclear DNA model and
a novel algorithm that records clustered DNA damage. We used our application to determine
neutron RBE for inducing both types of clustered DNA damage as a function of neutron energy at
multiple depths in human tissue. We also analyzed the length and number of lesions comprising
each cluster in consideration of the variety of lesions encompassed by the complex DSB and
non-DSB cluster types, as well as the possible variations in their mutagenic consequences.
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Finally, we performed repeat simulations with variations in particular simulation parameters in
order to assess the validity of key assumptions that we made.

8.4 Methods

8.4.1 Overview

Our overall methodology included four steps, which are summarized schematically in Figure 8.1.

Step 1
Condensed-history simulations in 

a human tissue phantom using 
Geant4

Step 2 
Track-structure simulations in a 

custom nuclear DNA model using 
TOPAS-nBio

Monoenergetic 
neutrons

Reference 
250 keV x-rays

Secondary particle 
spectra & relative 

dose contributions

Yields of individual 
DNA lesions

Step 3 
Identify clusters of DNA damage 

using a custom algorithm  
ScoreClusteredDNADamage

Yields of clustered 
DNA damage

Step 4 
Calculate and visualize 

quantities of interest

input / output
process step

Neutron RBE,
cluster properties,

etc.

Figure 8.1 Schematic overview of our Monte Carlo simulation and analysis pipeline designed
to determine direct neutron-induced DNA damage and compare with a reference radiation of
250 keV x-rays.

In step 1, condensed-history Monte Carlo simulations were used to determine the energy
spectra and relative dose contributions of the secondary particles liberated in human tissue by
uniform fluences of monoenergetic neutrons and a reference radiation of 250 keV x-rays. These
simulations were performed in Geant4 v10.04.p02 and used the ICRU-4 sphere [30] as a human
tissue phantom. Similar to the approach taken by Baiocco et al. [1], data were recorded in three
scoring volumes of increasing depth. Step 1 was conducted in our previous work [26] and the
resulting data were reused in this work.
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In step 2, TSMC methods were used to determine the amount of DNA damage induced
by the secondary particles identified in step 1. Particle tracks were stochastically sampled
from the secondary particle energy spectra and used to irradiate a geometric model of nuclear
DNA that we developed. Energy depositions that occurred in the sensitive nucleotide volumes
were empirically converted to DNA damage lesions. These simulations were carried out using
TOPAS v3.3.1 and the TOPAS-nBio 1.0 beta, which are both based on Geant4 v10.05.p01.

In step 3, the map of individual DNA lesions was processed using a novel clustering
algorithm that we developed to aggregate lesions in close proximity. Clusters were then
stratified according to whether at least one DSB was present (i.e. complex DSB clusters) or not
(i.e. non-DSB clusters). The yields of both types of clustered DNA damage were recorded.

Finally, in step 4, we calculated neutron RBE for inducing both types of clustered DNA
damage. In consideration of other cluster parameters that may impact DNA repair, we also
analyzed the length, complexity, and density of each cluster.

8.4.2 Step 1: Condensed-history simulations

We have previously published our approach to condensed-history simulations [26]. In short,
Geant4 was used to simulate the irradiation of the ICRU-4 soft tissue-equivalent sphere [30],
which contained three sensitive scoring volumes at increasing depth, as shown in Figure 8.2(a).
A separate irradiation was performed for (i) 18 different neutron energies ranging from
1 eV to 10 MeV (i.e. the energy range of interest in linac-based radiation therapy) and (ii)
a reference radiation of 250 keV x-rays. Each irradiation consisted of a uniform fluence of
1×1010 primary particles.

For each scoring volume, we recorded the energy spectra and relative dose contributions of
all secondary particle species liberated by each initial particle energy. Representative results
obtained in the intermediate scoring volume are shown in Figure 8.2.

In general, all secondary particle species that were generated in a scoring volume were
immediately killed and recorded to the appropriate secondary particle spectra and relative
dose contribution. However, special consideration was given to electrons generated above
1 MeV since Geant4-DNA does not currently handle their transport [25, 26]. Instead of being
killed, these electrons were allowed to propagate further and were tracked down to 1 MeV.
The resulting 1 MeV electron and all other higher-order electron tracks produced during the
slowing down process were recorded as independent tracks. Additionally, in step 2, we
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Figure 8.2 Irradiation geometry and representative results from the condensed-history Monte
Carlo simulations performed in our previous work [26]. (a) Our irradiation target, the ICRU-4
soft tissue phantom [30] and three scoring volumes shown in red: (i) outer, (ii) intermediate,
and (iii) inner. (b) Normalized secondary particle energy spectra produced by initial 10 MeV
neutrons in the intermediate scoring volume. (c) Relative dose contribution of secondary
particles in the intermediate scoring volume as a function of initial neutron energy. Particle
species represented with thicker lines (i.e. electrons, protons, and alpha particles) were the only
species considered in this work.
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(a) (b)

(c) (d)

(e)

Figure 8.3 Our nuclear DNA model. (a) Nucleotide base pair containing two nitrogenous bases
(red), two deoxyribose molecules (blue) and two phosphate groups (purple). (b) Nucleosome
containing 154 base pairs arranged in a double helix and wrapped around a cylindrical volume
representing a histone protein complex. (c) Chromatin fibre containing 90 nucleosomes arranged
in a helical pattern and each connected via 46 base pairs of linker DNA. (d) Voxel containing
20 chromatin fibres arranged in a fractal pattern. (e) Cubic human fibroblast nucleus containing
6.3 Gbp of DNA, enclosed in a spherical cell volume.

considered only three secondary charged particle species: (i) electrons, (ii) protons, and (iii)
alpha particles, because Geant4-DNA does not currently include complete physics models to
handle the transport of heavier ions at the energies of interest [31].

8.4.3 Step 2: Track-structure simulations

Nuclear DNA model

Despite an abundance of nuclear DNA models that are described in the literature [28, 32–37],
there were no complete open-source models available at the time of this study. Thus, we
constructed a custom nuclear DNA model using the TOPAS extensions framework. A graphical
overview of our DNA model is presented in Figure 8.3 and a summary of the geometric
parameters describing it is provided in Table 8.1.
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Table 8.1 Parameters describing our geometric model of nuclear DNA.

Component Parameter Value

DNA base pair Nitrogenous base radius 0.30 nm

Deoxyribose radius 0.29 nm

Phosphate group radius 0.27 nm

Nucleosome Histone complex dimensions 2.4 nm radius, 5.72 nm height

Number of bp per nucleosome 154 bp (+ 46 bp of linker DNA)

Chromatin fibre DNA content per chromatin fibre 90 nucleosomes (18000 bp)

Chromatin fibre radius 17 nm

Chromatin fibre length 136 nm

Voxel Number of fibres per voxel 20 fibres

Voxel dimensions 0.3 µm × 0.3 µm × 0.3 µm

Nucleus Number of voxels 17576 voxels (26 × 26 × 26 grid)

Volume 475 µm3

Number of base pairs 6.3 Gbp

Density of DNA 13.3 Mbp/µm3

Cell Volume 2000 µm3

Our chromatin fibre model is a re-implementation of a model that was developed by
Villagrasa et al. [38], the source code of which was included in the TOPAS-nBio beta release
[39, 40]. We ported this source code from Geant4 to TOPAS format to allow parameters to be
read in from a TOPAS parameter file. In our model, nucleotide base pairs were created using
six spheres to represent two nitrogenous bases, two deoxyribose molecules, and two phosphate
groups (Figure 8.3(a)). These spheres were cut in some locations to prevent geometric overlap.
Nucleosomes were formed by wrapping a cylindrical histone complex with 154 nucleotide base
pairs arranged in a double helix (Figure 8.3(b)). Ninety nucleosomes were then linked together
in helical fashion to fill out a cylindrical chromatin fibre (Figure 8.3(c)).

We constructed a nuclear model by creating multiple copies of our chromatin fibre model
using a voxelized approach, similar to the method described by Zhu et al. [36]. Each voxel was
filled with 20 chromatin fibres that were arranged in the fractal pattern shown in Figure 8.3(d).
Using a fractal arrangement of chromatin fibres is justified by experimental evidence on the
nature of chromatin folding reported by Lieberman-Aiden et al. [41] and is now commonplace
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in DNA modeling [33, 36, 37, 39]. Identical voxels were placed on a cubic grid using Geant4
replica volumes. This was a simple and computationally-efficient way to create a nucleus-sized
volume with 6.3 Gbp of DNA at a density of 13.3 Mbp/µm3, consistent with human nuclei
[36, 42].

The resulting 475 µm3 nucleus model was placed in a 2000 µm3 spherical cell volume to
simulate a fibroblast in G0/G1 phase (Figure 8.3(e)), consistent with the fibroblast dimensions
described by Seaman et al. [43]. The majority of recently published Monte Carlo investigations
of radiation-induced DNA damage have used fibroblast models [1, 32, 36, 37]. Fibroblasts are
an appealing choice of cell to model because they are proliferative, are found throughout the
human body, and are not overly specialized like a neuron or a red blood cell.

The entire cellular volume was treated as liquid water with a density of 1 g·cm−3 except in
the nucleotide volumes where a density of 1.407 g·cm−3 was used [36, 44]. In order to allow
subsequent identification of clustered DNA damage, unique ID numbers were used to identify
each: (i) voxel, (ii) chromatin fibre, (iii) DNA strand, (iv) nucleotide, and (v) molecule within
each nucleotide.

To benchmark our DNA model against previously published results, we irradiated it with
monoenergetic protons (500 keV, 1 MeV, and 10 MeV) and recorded the resulting direct DNA
single strand breaks (SSBs) and double strand breaks (DSBs), as defined in Section 8.4.4. The
total number of strand breaks (SBs) was calculated as the number of SSBs plus twice the
number of DSBs (two strand breaks per DSB) to enable comparison with the literature. We
compared our direct SB and DSB yields with analogous results obtained by Zhu et al. [36],
Meylan et al. [32], and Sakata et al. [37], each of whom used their own nuclear DNA model.
Although the irradiation conditions varied between authors, this exercise allowed us to assess
the consistency of our results with published data. Our setup most closely emulated the setup of
Zhu et al. [36] by placing the initial protons at random locations on the nuclear surface with a
random inward orientation and by using the G4EmDNAPhysics_option2 physics constructor
[25] to govern particle transport.

Physics settings

In Geant4-DNA (and thus TOPAS-nBio), there are a variety of competing physics models
that describe the physical processes governing electron transport in liquid water [25]. These
processes include ionization, electronic excitation, vibrational excitation, elastic scattering,
molecular attachment, and Auger electron emission. Geant4-DNA offers a variety of physics
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constructors, i.e. collections of physics models, from which users can choose. Among these are
the G4EmDNAPhysics_option2 (opt2) and the G4EmDNAPhysics_option4 (opt4) constructors.
The physics models included in the opt4 constructor are more recent and sophisticated than
the models included in opt2. However, the opt4 physics models can only be used for electrons
between 10 eV and 10 keV. On the other hand, the physics models included in opt2 can be
used from 10 eV up to 1 MeV.

In our previous work [26], we developed a custom Geant4-DNA physics constructor,
labeled G4EmDNAPhysics_hybrid2and4, in order to extract the best features of the opt2
and opt4 constructors. Our hybrid constructor uses the physics models from opt4 up to
10 keV and the models from opt2 at higher energies up to 1 MeV. In this work, we imported
G4EmDNAPhysics_hybrid2and4 into TOPAS-nBio as a custom physics module and used it in
our simulations. Consistent with recommendations by the TOPAS collaboration [45], electron
tracks with kinetic energy less than 10 eV were killed and their energy was deposited locally.

Only a single set of physics models is provided for protons and for alpha particles in
Geant4-DNA [25] and thus there is no variation across physics constructors, including our
hybrid constructor.

Irradiation setup

As indicated schematically in Figure 8.1, source particle energies for our track-structure simula-
tions were obtained by stochastically sampling the neutron secondary particle spectra described
in Section 8.4.2. Particles were placed randomly throughout the cell volume (including the
nucleus) with random orientation. This approach was chosen to emulate the manner in which
secondary particles were generated and recorded in the upstream condensed-history simulations
and is consistent with the work of Baiocco et al. [1].

For each scoring volume k and initial neutron or x-ray energy E, particles were simulated
until 1 Gy of dose was delivered to the nucleus. A target dose D0 of 1 Gy was chosen for
consistency with recent literature [1, 34–36]. Additional simulations were performed with
alternative D0 values to assess dose dependence, as described in Section 8.4.6. A delivered
dose equal to D0 was achieved by running three distinct simulations, one for each secondary
particle species i and a corresponding species-specific target dose [Di (E)]k. This species-
specfic target dose was set as D0 scaled by the relative dose contribution for a particular species
i, at a particular neutron energy E, and in a particular scoring volume k. Each simulation
was terminated once the species-specific target dose was delivered, but only after complete
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processing of the current event (i.e. the current source particle track and any secondary tracks).
Thus, the target dose [Di (E)]k was slightly exceeded in every simulation and accounted for by
recording the actual delivered dose [di (E)]k.

Every simulated irradiation was repeated 100 times using pseudorandom seed values to
obtain statistically independent results. Simulations were performed on our internal computer
cluster that contains 212 threads across 106 cores. While the specifics varied between configu-
rations, each simulation required no more than a few thousand source particles and ten minutes
of simulation time.

8.4.4 Step 3: DNA damage clustering algorithm

Energy depositions in the sensitive DNA volumes (i.e. the nitrogenous bases, deoxyribose
molecules, and phosphates) were recorded for each irradiation described in Section 8.4.3. A
custom TOPAS scorer was developed to process these energy depositions and to record five
types of DNA damage:

1. Single strand breaks (SSBs)

2. Base lesions

3. Double strand breaks (DSBs)

4. Complex DSB clusters

5. Non-DSB clusters

Schematic examples of each of these damage types are shown in Figure 8.4. The definition of
each type of damage and the associated rationale is described in the remainder of this section.

An SSB was recorded when the cumulative energy deposited in the sugar-phosphate
molecules of a nucleotide (i.e. the backbone) exceeded 17.5 eV. This energy threshold is
based on the findings of Charlton and Humm [46] who modeled the experimental work of
Martin and Haseltine [47] to analyze SSB induction by Auger electrons emitted by iodine-125.
Use of this threshold is standard in the field [32, 33, 36, 48–50].

A base lesion was recorded when the cumulative energy deposited in a nitrogenous base
exceeded 17.5 eV. Compared to SSBs, fewer simulation studies have considered base damage
and there is no consensus as to which interactions lead to a base damage or the optimal energy
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(c) Base lesion

(f) Non-DSB cluster(e) Complex DSB cluster

(b) Single strand break

(d) Simple double strand break

(a) Undamaged DNA double helix

Figure 8.4 Schematics examples of the types of DNA damage considered in our simulations. (a)
An undamaged DNA double helix wherein each square represents a nitrogenous base attached
to the sugar-phosphate backbone. (b) A single strand break (SSB) depicted as a red separation
in the backbone. (c) A generic base lesion depicted as a red base. (d) A double strand break
(DSB) containing two SSBs on opposing strands within 10 base pairs of each other. (e) A
complex DSB cluster containing two or more damage sites, including at least one DSB, each
within 40 base pairs of each other. (f) A non-DSB cluster containing two or more SSBs or base
lesions, each within 40 base pairs of each other.

threshold at which it occurs [32]. Indeed, radiation-induced base damage encompasses a diverse
array of lesions including apurinic sites, apyrimidic sites, and oxidized bases [19]. Despite the
lack of consensus, there is precedent for generically scoring base lesions and applying the same
threshold as used for SSBs [48, 49, 51].

A DSB was recorded when two SSBs occurred within 10 bp of each other on opposing
strands of the DNA double helix (i.e. within approximately one turn of the DNA double helix),
as is standard in the field [32, 33, 36, 37, 48–50]. This maximum separation distance is based
on experimental evidence by Van der Schans [52] who evaluated the maximum SSB separation
above which DSBs would not occur in bacteriophage DNA.

Complex DSB clusters and non-DSB clusters were identified by using our custom DNA
damage clustering algorithm to process the list of recorded SSBs, base lesions, and DSBs. Any
two or more lesions were included in a cluster if they occurred within 40 bp of each other, i.e.
within a few turns of the DNA double helix and close enough to impact DNA repair [17–19].
If the resulting cluster contained one or more DSBs we labeled it as a complex DSB cluster,
otherwise we labeled it as a non-DSB cluster.

A summary of our “default” simulation parameters is provided Table 8.2. Since all research
involving modeling requires a variety of assumptions that can impact the results, we designed
our code such that the simulation parameters can be readily modified by the user using a
TOPAS-style parameter file. We used this functionality to perform additional simulations with
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variations in some of these parameters in order to assess their impact on our results, as described
in Section 8.4.6.

8.4.5 Step 4: Quantities of interest

DNA damage yields

DNA damage yields [Y j
i (E)]k were recorded for all five types of DNA damage j, and for each

particle species i, initial neutron energy E, and scoring volume k (i.e. penetration depth).
The species-specific damage yields were combined via a weighted sum to get the total

neutron-induced yield for a particular type of DNA damage, initial neutron energy, and scoring
volume as follows:

[Y j
N (E)]k =

I

∑
i=1

[Y j
i (E)]k[Di (E)]k

[di (E)]k

Dose weighting was necessary to normalize the yields to the same target dose D0, which
facilitated unbiased comparison with the reference 250 keV x-rays.

A similar calculation was performed for the reference x-ray radiation, however in this case
there was only one secondary particle species (electrons, denoted as e) and one initial energy,
250 keV.

[Y j
X ]k =

[Y j
e ]k[De (E)]k
[de (E)]k

The mean neutron-induced and x-ray-induced yield for each simulation configuration was
obtained by averaging 100 statistically independent simulations. The standard deviation of the
mean yield (sometimes called the standard error of the mean) [53] was determined by dividing
the corresponding standard deviation by the square root of the number of simulations.

Relative biological effectiveness (RBE)

Neutron RBE for inducing each type of DNA damage j was calculated as a function of neutron
energy E by dividing the mean neutron-induced yield by the corresponding mean x-ray-induced
yield, in each scoring volume k, as follows:

[RBE j (E)]k =
[Y j

N (E)]k
[Y j

X ]k
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Table 8.2 Default simulation parameters.

Parameter Value

Target geometry Nuclear DNA
Model described in Table 8.1.

Target material Liquid water
Density = 1.407 g·cm−3 in the sensitive DNA volumes, 1 g·cm−3

elsewhere.

Physics Module G4EmDNAPhysics_hybrid2and4
Custom physics constructor that uses physics models from
G4EmDNAPhysics_option2 between 10 eV–10 keV and physics
models from G4EmDNAPhysics_option2 between 10 keV–
1 MeV.

Source particles Electrons, protons, or alpha particles.
Energies stochastically sampled from neutron and x-ray secondary
particle spectra.

Simulation cutoff 1 Gy
Scaled by the relative dose contribution of the source particle
species being simulated (1 Gy total across all species for each
initial neutron or x-ray energy in each scoring volume).

Number of histories Variable
Between 1–10000 histories per simulation.

Number of repeated
simulations

100

Induction of SSB 17.5 eV
Cumulative energy deposit in the sugar-phosphate molecules com-
prising a nucleotide.

Induction of base lesion 17.5 eV
Cumulative energy deposit in a nitrogenous base.

Induction of DSB Two SSBs within 10 bp on opposing strands.

Induction of clustered
DNA damage

Aggregation of individual DNA lesions within 40 bp of each other.
If cluster contains a DSB, labeled as a complex DSB cluster. If not,
labeled as a non-DSB cluster.
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This metric is technically a radiation effects ratio (RER), as described by Shuryak et al. [54].
An RER compares the effects of two radiation qualities at the same dose, while RBE compares
the radiation dose required by two radiation qualities to achieve the same effect. However, as in
our previous study, we opted to use the more familiar RBE nomenclature for consistency with
the literature [1, 26, 35]. The uncertainty in RBE was obtained by propagating the standard
deviation of the mean neutron-induced and x-ray-induced yields using conventional uncertainty
propagation rules.

Cluster length

The length of every recorded DNA damage cluster was obtained by calculating the number of
base pairs separating the damage lesions at either end of the cluster (including the endpoints).
The mean cluster length was calculated separately for complex DSB clusters and non-DSB clus-
ters in all three scoring volumes and for each initial neutron or x-ray energy. The corresponding
standard deviation of the mean was calculated accordingly.

Cluster complexity

The complexity of every recorded DNA damage cluster was calculated as the number of
individual lesions (SSBs or base lesions) within each cluster. A DSB was simply interpreted
as two SSBs for the purpose of this analysis. The mean cluster complexity was calculated
separately for complex DSB clusters and non-DSB clusters in all three scoring volumes and for
each initial neutron or x-ray energy. The corresponding standard deviation of the mean was
calculated accordingly.

Cluster density

The density of every recorded DNA damage cluster was calculated as the cluster complexity
divided by the cluster length. The mean cluster density was calculated separately for complex
DSB clusters and non-DSB clusters in all three scoring volume and for each initial neutron or
x-ray energy. The corresponding standard deviation of the mean was calculated accordingly.



142 Towards characterizing neutron carcinogenesis by simulating clustered DNA damage

8.4.6 Dose and parameter sensitivity analysis

Motivated by previous investigations by Pater et al. [55] and Zhu et al. [56], we conducted a
dose and parameter sensitivity analysis to evaluate the impact of various assumptions that we
made in our simulations. We identified the target dose D0, the DNA damage clustering distance,
and the physics constructor as the parameters that were the most crucial in interpreting our
results and that had not been investigated previously. We repeated our full set of simulations
with variations in these parameters in order to gain further insight into our results and to assess
their robustness.

Dose

Because a primary motivation for this work lies in understanding radiation-induced effects
leading to carcinogenesis at low doses, it was necessary to repeat our analysis in the low-dose
regime (in addition to the standard 1 Gy used for consistency with the literature). While a
precise definition of the low-dose regime is lacking, its upper limit is often set at approximately
0.1 Gy [7, 57–59]. Therefore we performed another set of simulations with the target dose
D0 set at 0.1 Gy. To get a sense of the linearity of our results with respect to dose, we also
performed a set of simulations with a D0 of 2 Gy.

DNA damage clustering distance

We identified a range of DNA damage clustering distances that were utilized in published Monte
Carlo studies that considered clustered DNA damage in some capacity [1, 33, 34, 48, 49]. The
minimum and maximum values of this range were 10 bp and 100 bp, respectively. Our default
40 bp clustering distance represented an intermediate value in this range and was consistent
with the general belief that adjacent lesions within a few turns of the DNA double helix can
impact the DNA repair process [17–19]. To assess the sensitivity of our results to this choice, we
repeated our simulations using the 10 bp minimum and 100 bp maximum clustering distances
obtained from our literature review.

Physics constructor

Finally, we evaluated the impact of our choice to use the opt4 physics models at low electron
energies (below 10 keV) instead of the opt2 physics models. We did so by simply repeating our
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simulations with the opt2 constructor instead of our hybrid constructor. Note that we did not
compare with the opt4 constructor alone because it does not handle inelastic interactions over
the full range of electron energies that we considered.

8.5 Results and discussion

In this section we present and discuss a representative subset of the results obtained in our
simulations. The results that we felt did not offer additional insight are provided in the
supplementary materials for completeness.

8.5.1 Benchmarking our nuclear DNA model

Total SB (Y SSB +2Y DSB) and DSB yields induced by monoenergetic protons via direct effects
are plotted alongside other published results in Figure 8.5. We have only compared DSB yields
with Zhu et al. [36] because the other studies did not explicitly distinguish directly-induced
DSBs from indirectly-induced DSBs. Although every study used a different nuclear DNA
model and different irradiation conditions, all the results are of the same order of magnitude
and do not vary significantly with energy. The differences in magnitude are consistent with
model variations in both the size of the sensitive DNA volumes and the overall density of DNA
in the nucleus. For example, both Zhu et al. [36] and Meylan et al. [32] modeled a hydration
shell [60] around their nucleotide base pairs, in which energy depositions were accumulated
with those in the molecules. This resulted in a larger effective volume of their sugar-phosphate
backbone, and corresponded to higher SB yields. Additionally, the model used by Zhu et al.
[36] had the highest DNA density of 14.4 Mbp/µm3 while the model used by Sakata et al. [37]
had the lowest DNA density of 12 Mbp/µm3. Overall, our results are in reasonable agreement
with published work, which serves to benchmark our nuclear DNA model.

8.5.2 DNA damage yields

Yields of all five types of DNA damage obtained in the intermediate scoring volume are plotted
as a function of initial neutron energy in Figure 8.6(a). Without consideration of indirect
effects, we cannot compare absolute damage yields with results obtained from radiobiological
experiments. Nevertheless, the relative difference in yields of each type of DNA damage can
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Figure 8.5 Comparison of proton-induced DNA damage yields obtained using our nuclear
DNA model with published results obtained using other nuclear DNA models. (a) Total strand
break yield. (b) Double strand break yield.

be assessed. Approximately two times more SSBs were induced than base lesions, which
is accounted for by the fact that the combined volume of the sugar-phosphate backbone is
approximately twice that of the nucleotide bases in our model. We observed an increase in
aggregate damage yields (DSBs, complex DSB clusters, and non-DSB clusters) beginning
around 100 keV and a corresponding decrease in the yield of isolated lesions (SSBs and base
lesions). As described in microdosimetric terms in our previous work [26], this trend occurs
due to a change in dominance of the relative dose contribution from electrons to protons around
100 keV (intersection of the black and blue curves in Figure 8.2(c)). The yield of non-DSB
clusters was several times greater than the yield of complex DSB clusters, which agrees well
with predictions by Magnander and Elmroth [17] and Nikitaki et al. [61].

Figure 8.6(b) and Figure 8.6(c) demonstrate the depth dependence of clustered DNA damage
yields by comparing the results obtained in each scoring volume. The peak height was relatively
consistent across all scoring volume depths for both types of clustered DNA damage likely
due to the fact that the shape of the secondary particle spectra did not drastically change with
depth [26]. However, we observed that this peak began at higher initial neutron energies with
increasing depth. This shift coincided with a shift in the neutron energy at which the relative
dose contribution becomes dominated by protons with increasing depth [26]. Ultimately, this
result can be traced back to increased neutron moderation with increased penetration depth in
human tissue.
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Figure 8.6 DNA damage yields per Gy of dose delivered per Gbp as a function of initial neutron
energy. (a) DNA damage yield for all five types of DNA damage in the intermediate scoring
volume. (b) Complex DSB cluster yield in each of the three scoring volumes. (c) Non-DSB
cluster yield in each of the three scoring volumes. Plotted values are the mean values obtained
over 100 statistically independent simulations. Error bars represent the standard deviation of
the mean and are too small to be seen in some cases.
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8.5.3 Neutron relative biological effectiveness (RBE)

Neutron RBE values for inducing all five types of DNA damage in the intermediate scoring
volume are plotted as a function of initial neutron energy in Figure 8.7(a). We observed that
neutron RBE for inducing complex DSB clusters exhibited a sharp increase around 100 keV
with a peak value of 8.0±0.6 at 700 keV. Neutron RBE for inducing non-DSB clusters and
simple DSBs similarly exhibited an increase around 100 keV but with smaller peak values
of 2.28±0.05 and 2.2±0.1 respectively. Associated with the increase in neutron RBE for
aggregate damage lesions was a decrease in neutron RBE for isolated SSBs and base lesions.
These trends follow logically from the observed trends in DNA damage yield (Section 8.5.2).

Figure 8.7(b) shows how neutron RBE for inducing complex DSB clusters varied with
scoring depth. As with the complex DSB cluster yields shown in Figure 8.6(b), we saw that
the characteristic increase in neutron RBE began at higher neutron energies with increasing
depth. The peak neutron RBE value was relatively consistent across all depths within the
allotted uncertainties, having a maximum value of 8.1±0.6 in the outer scoring and a minimum
value of 6.9±0.5 in the inner scoring volume. These findings are qualitatively consistent with
our previous microdosimetric results [26]. Figure 8.7(c) shows the analogous results obtained
for non-DSB clusters for which a comparable depth dependence was observed. While the
peak values are significantly lower than for complex DSB clusters, they exhibit similar energy
dependence and have an RBE value significantly larger than 1.

In Figure 8.7(b) we also compared our results for inducing complex DSB clusters with
the more specific DSB++ result obtained by Baiocco et al. [1], as well as the ICRP wR [7]
and US NRC Q factors [8]. This comparison was not explicitly included on the non-DSB
cluster plot (Figure 8.7(c)) so that the axes could be magnified and the depth dependence more
clearly seen. The comparison with Baiocco et al. [1] highlights the fact that neutrons have
variable propensity for inducing specific types of clustered lesions relative to x-rays. One
could review the literature to identify other clustered lesions of interest that are believed to
have high mutagenic potential, and isolate their results from the broader classifications that we
employed here. However, overall we observed good qualitative agreement between our results,
the results of Baiocco et al. [1], and the reference wR and Q factors. We thus conclude that the
propensity of neutrons to induce a variety of direct clustered DNA damage lesions, both with
and without DSBs, is a promising mechanism to explain the energy dependence of neutron
RBE for stochastic radiobiological effects. Quantitative agreement was not expected at this



8.5 Results and discussion 147

10−6 10−5 10−4 10−3 10−2 10−1 100 101

Initial neutron energy (MeV)

0

2

4

6

8

10

R
el
at
iv
e
bi
ol
og
ic
al

eff
ec
ti
ve
ne
ss

Neutron RBE in the intermediate scoring volume

Complex DSB clusters

Non-DSB clusters

Double strand breaks

Single strand breaks

Base lesions

(a)

10−6 10−5 10−4 10−3 10−2 10−1 100 101

Initial neutron energy (MeV)

0

5

10

15

20

25

R
el
at
iv
e
bi
ol
og
ic
al

eff
ec
ti
ve
ne
ss

Neutron RBE for inducing complex DSB clusters

Outer scoring volume

Intermediate scoring volume

Inner scoring volume

Neutron wR (ICRP 2007)

Neutron Q (US NRC 2021)

DSB++ (Baiocco et al 2016)

(b)

10−6 10−5 10−4 10−3 10−2 10−1 100 101

Initial neutron energy (MeV)

0

1

2

3

R
el
at
iv
e
bi
ol
og
ic
al

eff
ec
ti
ve
ne
ss

Neutron RBE for inducing non-DSB clusters

Outer scoring volume

Intermediate scoring volume

Inner scoring volume

(c)

Figure 8.7 Neutron RBE for inducing DNA damage, as a function of initial neutron energy.
(a) Neutron RBE for inducing five types of DNA damage in the intermediate scoring volume.
(b) Neutron RBE for inducing complex DSB clusters in three scoring volumes of increasing
depth. Results are compared with the ICRP neutron weighting factors [7], the US NRC neutron
quality factors [8], and neutron RBE for DSB++ induction as obtained by Baiocco et al. [1].
(c) Neutron RBE for inducing non-DSB clusters in three scoring volumes of increasing depth.
Plotted values are the mean values obtained over 100 statistically independent simulations.
Error bars represent the standard deviation of the mean.
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stage because we have not considered the indirect effects of radiation, subsequent DNA repair,
or other carcinogenic pathways (like non-targeted effects).

8.5.4 Cluster length, complexity, and density

In addition to overall damage yields, we considered cluster length, cluster complexity, and
cluster density as factors that may impact the DNA repair process and thus relate to stochastic
effects. Figure 8.8 demonstrates the dependence of these quantities on neutron energy and
compares them with the results obtained using the reference 250 keV x-ray radiation. Again,
only results obtained in the intermediate scoring volume are shown here, as we found no
significant depth dependence.

At low neutron energies below about 100 keV, there was no significant difference in the
average complex DSB cluster length between neutrons and the reference x-rays. However,
the average cluster length increased by about 30–50%, from 8 bp at 1 eV to a maximum of
∼12 bp at 10 MeV. Similarly, the average complex DSB cluster complexity increased by about
30% from ∼3.5 lesions per cluster at 1 eV to a maximum of ∼4.5 lesions per cluster at 5 MeV.
These findings were anticipated because of the onset of the dominance of proton relative dose
contributions for neutrons above 100 keV and their higher LET than electrons. Given that
the results for cluster length and complexity exhibited similar energy dependence, the lack of
significant trend in average damage density per complex DSB was expected.

On average, complex DSB clusters were 30–50% longer than non-DSB clusters across all
neutron energies. Similarly, complex DSB clusters contained 40–70% more lesions than non-
DSB clusters on average. This result was expected and can largely be explained by considering
that complex DSB clusters had by definition a minimum of three lesions whereas non-DSB
clusters had a minimum of two. Non-DSB clusters were approximately 25% more dense than
complex DSB clusters, which follows from the relative trends in cluster length and complexity.

In summary, although neutrons above 100 keV tend to produce more clusters, longer clusters,
and more complex clusters than the reference x-ray radiation, they do not produce clusters with
a higher density of lesions. There is a clear neutron energy dependence in cluster length and
complexity relative to x-rays, even though the trend does not precisely match the characteristic
energy dependence of neutron RBE for stochastic effects. These parameters should thus be
investigated further when modeling the repair of clustered DNA lesions.
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Figure 8.8 Clustered DNA damage properties of interest as a function of initial particle
energy in the intermediate scoring volume: (a) cluster length, (b) cluster complexity, and (c)
damage density per cluster. Plotted values are the mean values obtained over 100 statistically-
independent simulations. Results for 18 initial neutron energies are plotted as a line alongside
the individual result for the reference 250 keV x-ray radiation. Results for complex DSB
clusters are plotted in black, while results for non-DSB clusters are plotted in blue. Error bars
represent the standard deviation of the mean.
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8.5.5 Dose and parameter sensitivity analysis

Dose

The impact of varying the target delivered dose D0 on the results obtained for complex DSB
clusters in the intermediate scoring volume is shown in Figure 8.9. The yield of neutron-induced
complex DSB clusters was found to increase linearly with dose, as evidenced by the overlap of
the dose-normalized curves in Figure 8.9(a). Correspondingly, there was no dose dependence in
neutron RBE for inducing complex DSB clusters.

These findings indicate that a given cluster of DNA damage is typically caused by single-
event action (i.e. a single primary track and its secondary tracks) within this dose range. Thus,
our results should hold qualitatively in the low-dose regime because single event action scales
linearly with dose. Our results at 0.1 Gy, nominally the upper limit of the low-dose regime, are
demonstrative of this expectation.
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Figure 8.9 Impact of varying the total delivered dose D0 on (a) neutron-induced complex DSB
cluster yield and (b) neutron RBE for inducing complex DSB clusters. Plotted values are the
mean values obtained over 100 statistically independent simulations. Error bars represent the
standard deviation of the mean.

Clustering distance

The impact of varying the clustering distance on the results for complex DSB clusters in the
intermediate scoring volume is shown in Figure 8.10.
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Figure 8.10 Impact of varying the DNA damage clustering distance on (a) neutron-induced
complex DSB cluster yield and (a) neutron RBE for inducing complex DSB clusters. Plotted
values are the mean values obtained over 100 statistically independent simulations. Error bars
represent the standard deviation of the mean.

Comparison of the DNA damage yields in Figure 8.10(a) revealed no significant difference
for clustering distances of 10 and 40 bp. This was expected, given that the average complex DSB
cluster length was found to be in the vicinity of 10 bp for all neutron energies (Figure 8.8(a)).
A small but noticeable increase in yield was obtained by increasing the clustering distance to
100 bp. There are two competing effects to consider when increasing the clustering distance:

1. Formation of new clusters by combining lesions that would otherwise be treated as
isolated lesions.

2. Merging of adjacent clusters that would otherwise be treated as independent clusters.

Given that the clustered damage yields increased, the predominant effect must be the former.
Comparison of neutron RBE in Figure 8.10(b) revealed that RBE decreased by increasing

the clustering distance. This result may be explained by the relative LET properties of neutrons
and x-rays. X-rays and their secondary electrons are low LET particles, which tend to produce
isolated lesions. Meanwhile, neutrons are higher LET particles that tend to produce clusters
of lesions. Thus, the previous observation that increasing the clustering distance tended to
preferentially combine isolated lesions rather than adjacent clusters would result in relatively
more x-ray-induced clusters than neutron-induced clusters. The net result is a decrease in
neutron RBE, as we have observed in this work.
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Figure 8.11 Impact of varying the simulation physics constructor, and thus the underlying
physics models, on (a) neutron-induced complex DSB cluster yields and (b) neutron RBE
for inducing complex DSB clusters. Plotted values are the mean values obtained over 100
statistically independent simulations. Error bars represent the standard deviation of the mean.

Overall, our results were found to be qualitatively robust over the range of DNA damage
clustering distances identified in our literature review.

Physics constructor

The impact of varying the physics models that govern sub-10 keV electron transport is shown
for complex DSB clusters in the intermediate scoring volume in Figure 8.11. The yield was
significantly larger using our hybrid constructor compared to the opt2 constructor for all neutron
energies. This can be explained by expanding upon previous discussions by Kyriakou et al.
[62], Bordes et al. [63], and Zhu et al. [56]. The physics models in opt2 are known to result in
longer, more diffusive electron tracks than expected physically. This behaviour was “corrected”
in the newer physics models included in the opt4 constructor [62] and our hybrid constructor.
Thus, we expected a higher yield of clustered DNA damage induced by electrons modeled with
opt4 compared to opt2, which is exactly what we observed using our hybrid constructor.

Comparison of neutron RBE in Figure 8.11(b) revealed that the peak in RBE was higher
for the opt2 constructor compared to our hybrid constructor. The underlying x-ray-induced
complex DSB yields per Gy per Gbp for our hybrid constructor and opt2 were 0.37±0.02 and
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0.18±0.02, respectively. The relative difference in neutron-induced and x-ray-induced yields
was larger for opt2 than our hybrid constructor, which resulted in the larger peak RBE.

Overall, this comparison of physics constructors indicated that the physics models used
in the simulations have an impact on the quantitative accuracy of the results but not on the
qualitative trends.

8.5.6 Limitations and future work

In this section we discuss some of the limitations of this work and, where appropriate, how they
will be handled in future work.

Limitations of our nuclear DNA model

We have developed a new nuclear DNA model in a field where many models already exist and
there is a lack of standardization [29]. However, we attempted to atone for this by releasing our
code under an open-source license.

Additionally, our nuclear model is cubic in shape, which does not align with the generally
ellipsoidal shape of fibroblast nuclei [43]. However, we believe our cubic geometry was justified
given that the most important factors pertaining to DNA damage yields are (i) the overall density
of DNA base pairs in the model and (ii) the size of the sensitive DNA volumes [33]. Moreover,
a cubic shape was the most computationally efficient to generate and the simplest to code.
Ultimately, our benchmarking analysis indicated that our model was able to produce DNA
damage yields that were consistent with previous studies.

Finally, the chromatin fibres in our model were not connected to each other, which limited
our ability to combine lesions in adjacent fibres into a cluster. However, we assert that the
impact of this limitation was small given that:

1. Clusters were, on average, approximately 10 bp in length.

2. Only a few thousand DNA damage lesions were induced per Gy over the entire genome
of ∼6 Gbp. (Figure 8.6(a)).

Limitations in physical modeling

Our inability to simulate secondary particle tracks heavier than alpha particles was a shortcoming
of this work. Although previous studies have shown success in ignoring the effects of heavy ions
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for incident neutrons with energies up to 14 MeV [35], we found that heavy ions contributed
up to 14% of the dose for 10 MeV neutrons in the outer scoring volume [26]. Nevertheless,
we have already calculated the energy spectra and relative dose contributions of these particles
in our previous work [26]. Our methodology described in this manuscript is robust enough to
handle their inclusion once physical models that describe their transport have been incorporated
into the Geant4-DNA and TOPAS-nBio frameworks.

Other physical factors that may have impacted our results include:

• The treatment of electrons with energies greater than 1 MeV as uncorrelated lower energy
electron tracks.

• The treatment of the entire simulation volume as liquid water.

The impact of these assumptions is difficult to predict. However, our methodology and code
can facilitate rapid reassessment of these assumptions as new features become available in
Geant4-DNA and TOPAS-nBio.

Limitations in modeling radiation-induced biological effects

In this study we only considered the initial landscape of direct DNA damage induced by
radiation. Our research group is currently developing an update to our custom TOPAS-nBio
application that incorporates the indirect effects of radiation action and will conduct a follow-up
study using these updates. It is also of interest to consider how DNA repair might affect our
results in order to bridge the gap between DNA damage and mutagenesis. Other groups have
made great strides in modeling such DNA repair, particularly the repair of SSBs and DSBs
[36, 64, 65]. We aim to to expand on our work by applying repair models such as these to our
simulated DNA damage and analyzing the impact on the resulting neutron RBE.

8.5.7 Open-source code release

Our complete Monte Carlo application was developed as a TOPAS extension [66, 67] for
use with TOPAS-nBio [40] and we have released it under an open-source license [68]. The
following features are included:

• A nuclear DNA model implemented as a custom TOPAS geometry component.

• A physics constructor implemented as a custom TOPAS physics module.
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• An algorithm for calculating clustered DNA damage yields implemented as a custom
TOPAS scorer.

• A TOPAS-style parameter file to control the simulation.

• Our neutron and x-ray secondary particle energy spectra in TOPAS parameter file format.

• Our neutron and x-ray secondary particle relative dose contributions in TOPAS parameter
file format.

Simulations may be readily run and configured by the user via the included parameter
file. The custom components written in C++ have been extensively documented to improve
readability and may be adopted or modified by users as needed. Installation requirements and
instructions are provided with the code.

8.6 Conclusion

We have investigated the biophysical mechanisms underlying the energy dependence of neutron
RBE for stochastic effects by simulating neutron-induced direct clustered DNA damage in a
geometric DNA model. We found that neutron RBE for inducing clusters of DNA damage, both
with and without DSBs, exhibited similar energy dependence to the ICRP’s neutron radiation
weighting factors and the US NRC’s neutron quality factors. Our results support the hypothesis
that a variety of clustered DNA damage lesions give rise to the energy dependence of neutron
RBE for stochastic effects. We also identified an energy dependence in the average length and
complexity of DNA damage clusters, indicating that these parameters should be considered
when modeling mutagenic effects. Repeated simulations with variations in key parameters
demonstrated the robustness of both our methodology and results, including their applicability
to the low-dose regime. Our custom TOPAS-nBio application has been released under an open
source license to enable others to independently validate our work and expand on it. In the
future our aim is to incorporate indirect DNA damage effects and DNA repair models into our
application.
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Figure 8.12 DNA damage yields per Gy of dose delivered per Gbp of DNA, as a function of
initial neutron energy. (a) Simple DSB yield obtained in each of the three scoring volumes. (b)
SSB yield obtained in each of the three scoring volumes. (c) Base lesion yield obtained in each
of the three scoring volumes. Plotted values are the mean values obtained over 100 statistically
independent simulations. Error bars represent the standard deviation of the mean and are too
small to be seen in some cases.
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Figure 8.13 Neutron RBE for inducing DNA damage, as a function of initial neutron energy, in
each of the scoring volumes. (a) Neutron RBE for inducing simple DSBs. (b) Neutron RBE
for inducing SSBs. (c) Neutron RBE for inducing base lesions. Plotted values are the mean
values obtained over 100 statistically independent simulations. Error bars represent the standard
deviation of the mean.
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Figure 8.14 Clustered DNA damage length as a function of initial particle energy. (a) Outer
scoring volume. (b) Inner scoring volume. Plotted values are the mean values obtained over
100 statistically-independent simulations. Results for 18 initial neutron energies are plotted as
a line alongside the result for a reference x-ray radiation, for both types of clustered damage.
Results for complex DSB clusters are plotted in black, while results for non-DSB clusters are
plotted in blue. Error bars represent the standard deviation of the mean.
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Figure 8.15 Clustered DNA damage complexity as a function of initial particle energy. (a)
Outer scoring volume. (b) Inner scoring volume. Plotted values are the mean values obtained
over 100 statistically-independent simulations. Results for 18 initial neutron energies are plotted
as a line alongside the result for a reference x-ray radiation, for both types of clustered damage.
Results for complex DSB clusters are plotted in black, while results for non-DSB clusters are
plotted in blue. Error bars represent the standard deviation of the mean.
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Figure 8.16 Clustered DNA damage density as a function of initial particle energy. (a) Outer
scoring volume. (b) Inner scoring volume. Plotted values are the mean values obtained over
100 statistically-independent simulations. Results for 18 initial neutron energies are plotted as
a line alongside the result for a reference x-ray radiation, for both types of clustered damage.
Results for complex DSB clusters are plotted in black, while results for non-DSB clusters are
plotted in blue. Error bars represent the standard deviation of the mean.
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Figure 8.17 Impact of varying the total delivered dose D0 on (a) neutron-induced non-DSB
cluster yield and (b) neutron RBE for inducing non-DSB clusters, in the intermediate scor-
ing volume. Plotted values are the mean values obtained over 100 statistically independent
simulations. Error bars represent the standard deviation of the mean.
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Figure 8.18 Impact of varying the DNA damage clustering distance on (a) neutron-induced
non-DSB cluster yield and (a) neutron RBE for inducing non-DSB clusters, in the intermediate
scoring volume. Plotted values are the mean values obtained over 100 statistically independent
simulations. Error bars represent the standard deviation of the mean.

10−6 10−5 10−4 10−3 10−2 10−1 100 101

Initial neutron energy (MeV)

0

5

10

15

20

D
am

ag
e
yi
el
d
p
er

G
y
p
er

G
bp

Non-DSB cluster yield

G4EmDNAPhysics hybrid2and4

G4EmDNAPhysics option2

(a)

10−6 10−5 10−4 10−3 10−2 10−1 100 101

Initial neutron energy (MeV)

0

1

2

3

R
el
at
iv
e
bi
ol
og
ic
al

eff
ec
ti
ve
ne
ss

Neutron RBE for inducing non-DSB clusters

G4EmDNAPhysics hybrid2and4

G4EmDNAPhysics option2

(b)

Figure 8.19 Impact of varying the simulation physics constructor, and thus the underlying
physics models, on (a) neutron-induced non-DSB cluster yields and (b) neutron RBE for
inducing non-DSB clusters. Plotted values are the mean values obtained over 100 statistically
independent simulations. Error bars represent the standard deviation of the mean.
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Chapter 9

Summary, conclusion, and future work

9.1 Summary

The secondary neutrons produced during high-energy (≳ 8 MeV) radiation therapy pose a risk
to cancer patients for the induction of an iatrogenic second cancer. This carcinogenic risk
is becoming increasingly relevant as the long-term survival rates of cancer patients continue
to improve due to advancements in both the diagnosis and the treatment of cancer. The
carcinogenic risk associated with neutrons is known to be highly-energy dependent, as evidenced
by radiation protection quantities such as the ICRP’s neutron weighting factors [1] and the US
NRC’s neutron quality factors [2]. However, a fundamental biophysical model of the cause
of this energy dependence has previously been lacking. A recent publication by Baiocco et al.
[3] made important contributions towards explaining this energy dependence by using TSMC
methods to analyze neutron-induced DNA damage. However, there were limitations in the
scope and transparency of their method that warranted follow-up investigation.

In consideration of the above discussion, advancement in our understanding of the carcino-
genic risk posed to radiation therapy patients by secondary neutrons requires the following:

1. An efficient and accurate method to measure the spectrum of secondary neutrons in order
to assess spectral changes due to variations in radiation treatment parameters.

2. An understanding of the biophysical mechanisms that give rise to the energy dependence
of neutron RBE for stochastic effects.

The goal of this thesis was thus to advance our understanding of the carcinogenic risk that is
posed to radiation therapy patients by secondary neutrons through the measurement of neutron
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spectra and the development of a model to explain the energy dependence of their carcinogenic
effects.

9.1.1 Advancements in the measurement of neutron spectra

Part I of this thesis covered a variety of topics pertaining to the measurement of neutron spectra
in radiation therapy. Chapter 2 provided a summary of the radiation interaction mechanisms,
physical quantities, and dosimetric concepts that were relevant to the scope of this thesis. In
Chapter 3, an overview of neutron detectors was presented with a focus on the BSS [4] and NNS
[5] neutron spectrometers and their applications in radiation therapy. The NNS is a user-friendly,
efficient, and active neutron spectrometer that was previously validated for use in radiation
therapy by our research group [6, 7]. In this thesis, we sought to demonstrate the ability to use
the NNS in a clinically-relevant study and to reduce subjective user-input when unfolding NNS
measurements.

Chapter 4 contained our published manuscript that described how we used the NNS to
measure and compare the neutron spectra produced by the clinically-commissioned 10 MV FFF
and 10 MV beams of a Varian TrueBeam linac. Previously published studies that used passive
BSS systems [8, 9] identified that photoneutron production for higher energy beams could be
reduced by up to ∼70% when the flattening filter was experimentally removed. However, the
current trend in EBRT is to use lower energy beams and, prior to our publication, there was a
lack of data on photoneutron production at 10 MV using a clinical-commissioned FFF beam.
We determined that a 30–40% reduction in photoneutron fluence per MU could be obtained
by using the 10 MV FFF beam compared to the 10 MV beam. While treatment plans using
10 MV FFF beams tend to involve on the order of 10% more MUs than those using 10 MV
beams [10], our results show that a net reduction in photoneutron exposure to the patient can
be achieved with 10 MV FFF beams. Additionally, we found it instructive to analyze neutron
production per electron striking the bremsstrahlung target of the linac. This analysis allowed us
to assess the primary cause of the reduction in photoneutron production per MU for FFF beams.
We found that the primary cause of the reduction was a large decrease in the number of source
electrons required per MU rather than the removal of a source of neutrons in the flattening filter
itself.

Chapter 5 contained another of our published manuscripts. This manuscript described a
novel stopping criterion that we developed for our iterative MLEM algorithm that we use to
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unfold NNS measurements. In our previous studies with the NNS, we identified the lack of an
objective stopping criterion for our MLEM algorithm as an important source of subjectivity
in the unfolding process. To address this issue, we developed a novel stopping criterion that
terminates the unfolding process at an optimal number of iterations after sufficient solution
convergence but prior to notable accumulation of noise in the spectrum without requiring user
input. We validated our stopping criterion by using it to unfold neutron spectra produced by
radiation therapy beams of varying energies and particle types and comparing the results with
spectra obtained using empirical upper and lower limits on the number of MLEM iterations.
Overall, this study led to an increased confidence in the neutron spectra that we can measure
with the NNS by eliminating intra-user and inter-user variations. This stopping criterion has
been used in two subsequent publications by our research group [7, 11]

9.1.2 Advancements in modeling the energy dependence of neutron car-
cinogenic risk

In Part II of this thesis, the focus of our work shifted from neutron spectral measurements to
modeling the energy dependence of neutron-induced carcinogenic effects. Chapter 6 contained
an overview of key biological and radiobiological concepts, such as the structure of human
nuclear DNA, the mechanisms of carcinogenesis, and the pathways of radiation-induced car-
cinogenesis. The chapter concluded with a discussion of clustered DNA damage lesions, which
are widely believed to be the primary initiating event for radiation-induced mutagenesis and
subsequent carcinogenesis. Chapter 7 summarized the MC method as applied to radiation trans-
port with a focus on how TSMC techniques can be used to model radiobiological effects like
DNA damage. Chapter 7 concluded with a review of recently published MC studies designed to
model the energy dependence of neutron RBE.

Finally, Chapter 8 contained our submitted manuscript that describes our efforts to model
the energy dependence of neutron RBE for stochastic effects by using TSMC simulations of
clustered DNA damage. In this study, we developed a TSMC application using the TOPAS-nBio
framework [12] that contained a custom nuclear DNA model as well as a novel algorithm for
scoring both complex DSB clusters and non-DSB clusters. We used the spectra of secondary
particles produced by neutrons and x-rays in human tissue (as determined in a previous study by
our research group [13]) to irradiate our nuclear DNA model. We plotted the resulting neutron
RBE for inducing both types of clustered DNA damage and found qualitative agreement with
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both the neutron wR and the neutron Q factors. Additionally, we identified a significant energy
dependence in the average length and complexity of clustered DNA damage, thereby affirming
that these parameters should be considered when modeling neutron-induced carcinogenic
effects. As is necessitated for all Monte Carlo studies, this study involved a number of
modeling assumptions. Therefore, we assessed the validity of these assumptions by repeating
our simulations with variations in several key simulation parameters. We found that our results
were qualitatively consistent in all cases and that quantitative differences could be explained
from first principles. Overall, our study provided evidence to support the hypothesis that many
types of clustered DNA damage contribute to the energy dependence of neutron RBE for
stochastic effects.

9.2 Conclusion

The body of work described in this thesis represents advancements in our understanding of
the carcinogenic risk posed by secondary neutrons to radiation therapy patients. We have
demonstrated that the NNS and our MLEM unfolding methodology are both effective and
reliable for measuring and comparing the neutron spectra produced in clinically-relevant
radiation therapy scenarios. Additionally, we have developed a fundamental model using
TSMC methods to explain the energy dependence of neutron RBE for stochastic effects. In
achieving these deliverables, we have contributed our novel MLEM algorithm [14] and TSMC
application [15] to the scientific community under open-source licenses. It is our hope that
these contributions benefit other researchers aiming to expand this area of research or build on
our work.

9.3 Future work

Our research group continues to use the NNS to analyze neutron spectra produced in clinical
scenarios of interest. For example, we have recently used the NNS to conduct a thorough
investigation of the impact of treatment parameter variation on the production of electroneutron
spectra [11].

Our TSMC application [15] is currently being expanded to account for the indirect effects of
radiation action on DNA. A follow-up manuscript to the one described in Chapter 8 is envisaged
and we will assess the relative contributions of direct and and indirect effects to neutron RBE
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for clustered DNA damage. Additionally, we intend to incorporate DNA repair modeling into
our TSMC application in order to bridge the gap between DNA damage and mutagenic effects.

Finally, our research group is presently conducting experiments using single-cell whole-
genome sequencing to assess the spectrum of mutations induced by radiation in human cell
cultures. Eventually, we aim to use this technique to experimentally determine neutron RBE for
mutagenic effects and compare with our computational results.

Overall, we hope that our past, present, and future research will enable clinicians and
patients to better understand the carcinogenic risk associated with secondary neutrons when
prescribing radiation treatment.
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