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Abstract

Prostate cancer patients undergoing radiotherapy (RT) frequently experience rectal toxicities
as an unintended consequence of their treatments. While guidelines to minimize toxicity risk
are prevalent, limited understanding of the relationship between rectal radiation dose and
toxicity hinders the establishment of improved guidelines. This may be attributable in part
to the underutilization of spatially inclusive delivered dose information in dose-outcome
studies.

The dose-surface map (DSM) is an emerging dosimetric tool that can quantify the spatial
dose distribution to the surface of an organ. It is well suited to be used to study dose
deposition patterns in hollow organs such as the rectum. Recently, the use of DSMs for
dose accumulation during RT has been proposed but not yet validated experimentally. The
objective of this thesis was therefore to develop and validate a means of performing dose
accumulation for the rectum during prostate cancer RT using DSMs. Three studies were
devised to meet the objective.

As programs to calculate DSMs are not freely available to the scientific public, it was
necessary to first create a code base capable of calculating DSMs from treatment plan data.
A Python package was developed to reproduce the diverse selection of DSM calculation
methods present in the literature. Options included different ways to space out the slicing
of structures used to create DSMs and different ways of orientating these slices (planar or
non-coplanar alignments).

An investigation into the equivalency of DSMs produced by different calculation
methods and their suitability for dose accumulation purposes formed the basis of the first
study. Rectum and bladder DSMs were calculated with different slice spacing and

orientation methods and compared to each other. DSMs produced using different slice
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orientation methods were found to be non-equivalent to each other to the degree that they
could impact the results of a cohort comparison, which could have consequences for
research reproducibility. Overall, non-coplanar slice alignments were found to produce the
most appropriate representation of the rectal surface in DSM form and were thus
recommended to be adopted as the standard calculation method for producing DSMs of
the rectum and for rectal dose accumulation. Recommendations for other structures were
also proposed.

The second study was an experimental validation of the accuracy at which DSM
accumulation can recreate the dose delivered to a rectum. Multi-fraction RT treatments
were delivered to a rectum phantom for a variety of inter-fraction motion scenarios and
delivered surface doses were experimentally quantified using radiochromic film.
Accumulated DSMs were calculated for each scenario and compared to the film
measurements using gamma analysis. The best agreement between DSMs and films was
observed when the non-coplanar slicing method was used (gamma pass rate > 94.5% for all
scenarios, 3%/2mm criteria).

The final study used DSMs to compare planned and accumulated rectal doses for prostate
cancer patients treated with two different RT regimens. Findings indicated that patients
treated with the longer duration (and lower dose per fraction) regimen exhibited more dose
deviations from planned than the shorter (and higher dose per fraction) regimen. Using the
spatial information contained within DSMs, it was determined that these deviations were
attributable to localized changes in rectal wall position over the course of treatment.

This work demonstrates that DSMs show great promise as a tool to calculate and
visualize rectum accumulated dose in dosimetric studies. Future work should focus on
further validation of the spatial representations presented in single and accumulated DSMs,
and aim at promoting improved calculation standardization within the field. Ultimately,
DSMs can be used to determine new, spatially-inclusive dosimetric constraints and

evaluate RT treatments for the rectum and other hollow organs at risk.
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Résumé

Les patients atteints d’un cancer de la prostate et soumis a un traitement de radiothérapie
(RT) présentent fréquemment de la toxicité rectale causée involontairement par le
traitement. Malgré la prévalence des régles visant a minimiser le risque de toxicité, la
compréhension de la relation entre la dose de rayonnement rectal et la toxicité est limitée,
ce qui prévient l'amélioration des regles.  Cela peut s’expliquer en partie par la
sous-utilisation des informations sur la dose spatiale délivrée dans les études dose-effet.

La carte de dose-surface (CDS) est un nouvel outil dosimétrique permettant de
quantifier la distribution spatiale de la dose a la surface d’un organe. Elle est bien adaptée
a l'’é¢tude des schémas de dose administrée dans les organes creux tels que le rectum.
Récemment, 'utilisation des (CDSs) pour visualiser I'accumulation de la dose pendant la
RT a été proposée, mais n’a pas encore été validée expérimentalement. L’objectif de cette
these est de développer et de valider un moyen d’effectuer 'accumulation de dose au
rectum pendant la RT du cancer de la prostate en utilisant des CDSs. Pour atteindre cet
objectif, trois études ont été congues.

Comme les programmes de calcul des CDSs ne sont pas librement accessibles au public
scientifique, il a été nécessaire de créer d’abord un code de base capable de calculer les
CDSs a partir des données du plan de traitement. Un module Python a été développé
pour reproduire les diverses méthodes de calcul des CDSs présentes dans la littérature. Les
options comprenaient différentes fagons d’espacer les coupes de structures utilisées pour
créer les CDSs ainsi que différentes fagons d’orienter ces coupes (alignements planaires ou
non planaires).

La premiere étude constitue d’une investigation sur 1’équivalence des CDSs produites par

différentes méthodes de calcul et leur adéquation a des fins d’accumulation de doses. Les



CDSs du rectum et de la vessie ont été calculées a I’aide de différentes méthodes d’espacement
et d’orientation des coupes et comparées entre elles. Les CDSs produites se sont révélées non
équivalentes au point d’avoir un impact sur les résultats d’une comparaison entre cohortes, ce
qui pourrait avoir des conséquences sur la reproductibilité de la recherche. Dans ’ensemble,
les alignements de coupes non coplanaires représentent la surface rectale la plus appropriée
sous forme de CDS. Il est donc recommandé de les adopter comme méthode standard de
calcul pour la production de CDSs du rectum et pour I'accumulation de la dose rectale. Des

recommandations pour d’autres structures ont également été proposées.

La deuxieme étude était une validation expérimentale de la précision avec laquelle
I’accumulation de CDS peut recréer la dose délivrée au rectum. Des traitements de RT a
fractions multiples ont été administrés a un fantome de rectum pour une variété de
scénarios de mouvement entre les fractions et les doses de surface délivrées ont été
quantifiées expérimentalement a l’aide des films radiochromiques. Les CDSs accumulées
ont été calculées pour chaque scénario et comparées aux mesures des films par une analyse
gamma. La meilleure concordance entre les CDSs et les films a été observée lorsque la
méthode de découpage non coplanaire a été utilisée (taux de succes gamma > 94.5% pour

tous les scénarios, critere 3% /2 mm).

La derniére étude a utilisé les CDSs pour comparer les doses rectales planifiées et
accumulées chez des patients atteints de cancer de la prostate et traités avec deux
différents schémas de RT. Les résultats ont indiqué que les patients traités avec le schéma
de plus longue durée (et de plus faible dose par fraction) présentaient plus d’écarts de dose
par rapport a la dose planifiée que le schéma de plus courte durée (et de plus forte dose par
fraction). En utilisant les informations spatiales contenues dans les CDSs, les écarts étaient
déterminés d’étre attribuables a des changements localisés dans la position de la paroi

rectale au cours du traitement.

Ce travail démontre que les CDSs sont un outil tres effectif pour calculer et visualiser la
dose accumulée dans le rectum dans les études dosimétriques. Les travaux futurs sont de
concentrer sur une validation profonde des représentations spatiales présentées dans les
CDSs uniques et accumulées, et promouvoir une meilleure normalisation des calculs. En

conclusion, les CDSs peuvent étre utilisées pour déterminer de nouvelles contraintes
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dosimétriques spatiales et évaluer les traitements de RT pour les organes a risques selon le

rectum et autres organes creux.
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Chapter 1

Introduction

1.1 Prostate Cancer

Cancer is the leading cause of death in Canada, with 85,100 deaths from the disease
projected for 2022 [1]. While approximately 1 in 2.3 Canadians are currently expected to
be diagnosed with, and 1 in 4.3 to die from, cancer in their lifetimes [2], these rates are
expected to climb with the aging of the population. Prostate cancer is the most common
cancer diagnosis in individuals assigned male at birth (AMAB), representing 20.3% of new
cases diagnosed in 2021 [2]. Incidence rates have fluctuated over the years in response to
screening practices, such as with the advent of prostate-specific antigen (PSA) testing, but

have recently stabilized in response to new recommendations to prevent over-diagnosis [3].

While the most prevalent cancer in AMAB people, prostate cancer only kills about 18%
of individuals diagnosed with it [4]. Five- and ten-year survival rates for prostate cancer
are among the highest of all cancers, being 91% and 88% for all individuals diagnosed and
notably higher for those younger than 75 [2]. This can be attributed in part to prostate
cancer’s slow growth rate. In vivo tumour doubling rates are estimated to be around two
years, nearly three times slower than estimates for breast cancer [5]. As such, individuals
with prostate cancer are more likely to be diagnosed with early stage disease, increasing the

diversity and effectiveness of treatment options available to them.
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1.1.1 Treatment Options
Active Surveillance and Watchful Waiting

When prostate cancer is diagnosed, an oncologist may recommend active surveillance if the
tumour is small, slow-growing, and low-risk. While on active surveillance, patients undergo
routine PSA tests, biopsies, and physical exams every 3-6 months to track disease progression
in order to avoid unnecessary interventional treatments and the risks of side effects they
present. While many people remain on it indefinitely, active surveillance is not curative,
meaning individuals with worsening disease will be recommended to switch to a curative
treatment option.

Watchful waiting follows the same side effect sparing mentality as active surveillance,
but omits regular testing, even in cases where disease has progressed. Instead, the patient
monitors their own symptoms and informs their oncologist in the case of a change. It is
typically only offered to older individuals with a life expectancy under five years, with the
understanding that their quality of life is being prioritized over cancer treatment and that

any future treatments offered will be palliative.

Hormone Therapy

Prostate cancer cell growth is aided by androgen hormones like testosterone and can therefore
be slowed through androgen deprivation. Modern hormone therapy consists of a combination
of compounds that block numerous steps in the testosterone producing pipeline and interfere
with testosterone receptors [6, 7]. While this therapy significantly reduces prostate cancer
aggressiveness and proliferation it is not curative. As such, it is usually combined with other

curative treatments to supplement their effectiveness.

Chemotherapy and Targeted Therapies

Chemotherapy is the use of cytotoxic drugs to kill rapidly-proliferating cells, while targeted
therapies use specific molecules or monoclonal antibodies to inhibit proteins that promote
cancer growth. Although not commonly used to treat prostate cancer, chemotherapy and

targeted therapy may be used to treat metastatic prostate cancer that is no longer be
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responding to other therapies.

Surgery

If the cancer is localized to the prostate gland, an oncologist may opt to surgically remove the
entire organ through a radical prostatectomy. Prostatectomies can be performed through
either open or laparoscopic surgery and can be approached through either the perineum
or retropubic abdominal wall [8]. In general, the retropubic approach is favoured as it
allows for the biopsy or removal of nearby pelvic lymph nodes and better preservation of
sexual function. Patients undergoing prostatectomies may also receive hormone therapy or

radiotherapy to control any remaining microscopic disease.

Radiotherapy

Radiotherapy, or radiation therapy, is the use of high-energy electromagnetic waves or
subatomic particles to kill cancer cells. Approximately 30% of all prostate cancer patients
receive radiotherapy as part of their treatment course, with stage 3 (i.e. intermediate-risk)
patients being the most frequent recipients (~53%) [4]. Radiotherapy can be broadly
grouped into two categories: external-beam radiotherapy (EBRT) and brachytherapy.
EBRT is a non-invasive technique that uses a specialized machine called a linear accelerator
(or linac) to direct radiation beams at a patient’s cancer from the outside, whereas
brachytherapy is an invasive technique that inserts radiation emitting devices directly into
the patient’s body. Brachytherapy has experienced a steady decline in popularity since
2002 while EBRT wusage has continued to increase due to new technological
advancements [9]. As this thesis focuses exclusively on EBRT treatments of prostate

cancer, all future mentions of radiotherapy will refer to EBRT unless otherwise stated.
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1.2 Prostate Radiotherapy

1.2.1 Ionizing Radiation

Radiation is defined as the transmission of energy through space in the form of waves or
particles and includes fixtures of everyday life like radio waves and visible light. Radiation is
usually categorized as either ionizing or non-ionizing, in reference to its ability to ionize the
material it encounters. Ionizing radiation has sufficient energy to eject orbital electrons from
atoms, thereby ionizing them, whereas non-ionizing radiation may have sufficient energy to
excite electrons, but not eject them.

Ionizing radiations are further categorized as directly or indirectly ionizing based on
the mechanism by which they ionize. Directly ionizing radiation involves charged particles
(electrons, protons, or heavy ions) that deposit their energy directly into a medium through
Coulomb interactions. Indirectly ionizing radiation involves uncharged particles (photons or
neutrons) that must first interact with the medium to produce charged particles that then go
on to deposit their energies [10]. In all cases, the deposited energy is measured as absorbed
dose, defined as the energy deposited per unit mass and uses the SI unit of gray (Gy), which
is equivalent to 1 J/kg.

While energy can be deposited in tissue and can damage any cellular component, DNA’s
essential role for cellular division makes it a critical target for cell kill by ionizing radiation
[11]. Cell death is commonly associated with double-strand breaks (DSBs), which are the
most difficult type of DNA damage to repair. If a sufficient number of DSBs are created, the
DNA damage can be fatal, and the cell will die by either apoptosis or necrosis. However, if
the cell is able to sufficiently repair the damage it will be able to continue living and dividing,

with any incorrectly repaired damage persisting as one or more genetic mutations.

1.2.2 Radiation Toxicities

Ionizing radiation is non-discriminating and damages cancerous and healthy cells alike.
Although healthy cells are typically more radioresistant than cancer cells, healthy cell

death is still common at sufficiently high doses of radiation. If just a small proportion of
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the cells that make up a tissue die, the surviving cells may be able to compensate for the
loss and retain the function of the tissue. However, if a critical threshold of cell death is
exceeded, the tissue (or organ) may become compromised and the cell damage manifests

itself as radiation toxicity [12].

Radiation toxicities can be either acute or late. Acute toxicities primarily occur due to
inflammation of rapidly proliferating cells within hours to weeks of radiation exposure, but
also tend to resolve over time. Late toxicities, on the other hand, occur months to years
after exposure and are more likely to be irreversible, chronically reducing a person’s quality

of life.

The radiation tolerance and response of a given tissue or organ are dependent on the
organization of clonogenic cells that replicate to replace those killed off. Clusters of these
cells are referred to as functional subunits (FSUs) which can be either structurally distinct
or structurally undefined and are able to transfer cells between each other [13]. When the
FSUs of an organ are organized to operate in tandem with each other, the organ is
considered a ‘parallel’” organ that, much like a parallel electronic circuit, it can retain its
function even if several FSUs are damaged (e.g., the kidneys). In comparison, organs that
have FSUs that rely on their neighbors to fulfill their functions (e.g., the spinal cord) are
considered ‘serial” organs and will lose function if even a single FSU is lost. In general,
radiation toxicities caused by localized high doses are from serial responses, while toxicities
caused by dose baths to entire organs are from parallel responses. The main organs at risk
for radiation toxicities during prostate radiotherapy are the bladder and rectum, which
have both been shown to act like serial organs for some toxicities and serial-parallel hybrid
organs for others [14]. Interestingly, there is growing evidence to suggest that rectum and
bladder toxicities are associated with specific spatial dose distribution patterns that go
beyond localized high doses or whole-organ dose baths [15-17]. Such associations may
suggest that simplified serial/parallel organ models may not sufficiently capture the

nuances of organ radiosensitivities and that more sophisticated models may be required.

Due to its proximity to the prostate, the rectum frequently experiences radiation toxicities
following prostate radiotherapy. A study by Olopade et al. found that 89% of patients who

receive pelvic radiotherapy experience chronic changes in bowel habits, with 49% of these
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patients significantly affected [18]. It has been estimated that 20-40% of prostate cancer
radiotherapy patients will develop some form of bowel toxicity that causes a moderate to
severe reduction in their overall quality of life [19]. This is particularly noteworthy in relation
to prostate cancer’s high survival rates, as patients may continue to suffer from toxicities

many years after treatment.

1.2.3 Therapeutic Ratio

Since radiation toxicities may diminish patient quality of life, the primary goal of curative
radiotherapy is to maximize the damage to cancerous cells while sparing healthy tissues as
much as possible. The radiation response of cancerous and healthy cells can be respectively
modeled using Tumour Control Probability (TCP) and Normal Tissue Complication
Probability (NTCP) curves: sigmoid functions that model the likelihood of a given
outcome as a function of absorbed dose (Fig 1.1) [20]. The challenge for radiotherapy is to
therefore maximize the ratio of TCP to NTCP (referred to as the therapeutic ratio) for a
given absorbed dose and cancer site. In ideal circumstances, the TCP function is shifted
further towards lower doses than the NTCP function (Fig 1.1a), making optimization of
the therapeutic ratio straightforward. In practice however, the curves may be much closer
together, making optimization much more challenging (Fig 1.1b). As such, radiotherapy
makes use of various strategies to separate the curves and increase the therapeutic ratio.

One way to improve the therapeutic ratio is through the use of multiple radiation
beams from different angles, centering their area of overlap on the tumour so that it
receives a higher dose than nearby healthy tissues. Radiation dose distributions can also be
shaped to mimic the shape of the cancerous mass using multi-leaf collimators (MLCs) and
intensity modulation, further focusing high radiation doses on the tumour. Different EBRT
modalities can be differentiated by the type of MLC and linac gantry motion that occurs
when the radiation beam is turned on, with 3D conformal and volumetric modulated arc
radiotherapy (3D-CRT and VMAT) being the most and least conformal of the main
modalities, respectively (Fig 1.2) [10].

Another way in which the therapeutic ratio can be improved is by breaking up the

radiotherapy treatments from one large dose session into multiple, smaller dose sessions
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Figure 1.1: Examples of TCP and NTCP curves for (a) an ideal scenario where high
tumour control probability and low normal tissue complication probability can be achieved,

and (b) a non-ideal scenario where one cannot be achieved without sacrificing the other.
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Figure 1.2: Visual depictions of the dose deposition distributions of single beam, 3D-CRT,
IMRT, and VMAT treatments. The prostate target is represented by a blue circle while the

rectum and bladder and represented by black and yellow circles, respectively.

called fractions. This practice, called fractionation, accounts for the differences in radiation
responses of different tissue types to the same radiation dose. The theory behind the practice
revolves around the linear-quadratic model of cell survival,

SF = ¢ P8P’ (1.1)

where SF' is the surviving fraction of cells after irradiation, D is radiation dose and the
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coefficients a and [ reflect the DSBs created by single and multiple radiation interaction
events, respectively [11]. The radiosensitivity of a given tissue can be characterized by the
ratio a/. In general, fast replicating tissues like cancerous tumours have high «/f ratios
whereas slower replicating tissues have lower ones (Fig 1.3a) [13]. By fractionating the dose
delivery, the biologically effective dose (BED) of a treatment delivering D total dose (in Gy)
is reduced to:
BED =D ll + D/n]
a/p

where n is the number of fractions. This reduction is because fractionation effectively restarts

(1.2)

the cell survival curve at each fraction, transforming the survival curve from linear-quadratic
to linear (Fig 1.3b). By carefully selecting the dose per fraction, differences between the
a/( ratios of cancer and healthy tissues can be taken advantage of, thereby improving the

therapeutic ratio.
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Figure 1.3: (a) Single-fraction linear quadratic survival curves for typical cancerous and
normal tissues. (b) Effective survival curve for healthy tissue created by fractionation, with

a single fraction healthy tissue survival curve for reference.

1.2.4 Fractionation Schemes

Most cancers have o/ ratios near 10 Gy and are treated with conventional fractionation,

delivering 2 Gy per fraction to provide a good balance of cancer kill and normal tissue
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sparing. However, prostate cancer is somewhat unique, possessing an «/f ratio closer to
1.5 Gy [21, 22], lower than that of nearby healthy tissues. Hypofractionation, which is
the use of higher doses per fraction across fewer fractions, is therefore hypothesized to be
more biologically effective at killing prostate cancer while still having sufficiently low NTCP
[23]. The effectiveness of hypofractionated prostate radiotherapy compared to conventional
fractionation has been the subject of several randomized controlled clinical trials. Most used
3D-CRT or IMRT and focused on the treatment of low or intermediate risk patients. Two
of the larger trials, CHHiP and PROFIT, used prescriptions of 60 Gy in 20 fractions and
were found to be non-inferior to their equivalent conventional treatment with no increase
in late radiation toxicities [24, 25]. Other trials looked at more escalated hypofractionated
doses, finding that while patients on the hypofractionated arm had non-inferior biochemical
relapse free survival, they also had increased risk of late genitourinary and gastrointestinal

toxicities [26-29).

More recently there has been an interest in “extreme hypofractionation”, or stereotactic
body radiation therapy (SBRT) for prostate radiotherapy. Rather than standard
hypofractionation, which uses doses per fraction around 2.5-4 Gy, SBRT delivers closer to
6-9 Gy per fraction, potentially triggering different physiological and immune responses
that contribute to cell kill [30]. While long-term outcomes are still being collected, current
evidence suggests SBRT is well suited to treat localized prostate cancer. 5-year failure free
survival has been reported to be non-inferior by the HYPO-RT-PC trial for 42.7 Gy in 7
fractions compared to the conventional 78 Gy in 39 fractions along with similar patient
quality of life [31, 32]. The PACE-B trial has similarly reported no significant differences in
toxicity rates between 36.25 Gy in 5 fractions and 78 Gy in 39 fractions regimens [33], with
oncological outcomes still to come. Other clinical trials are also ongoing to assess 36.25 Gy

in 5 fraction treatments [34, 35].

In addition to enhanced prostate cancer cell kill, hypofractionation allows for more
efficient radiotherapy treatments, reducing the time, clinical resources, and number of visits
required to treat a single patient. For this reason, hypofractionation experienced a large
swell in adoption during the COVID-19 pandemic in order to minimize patient visits to

hospitals [36, 37]. Indeed, extreme hypofractionation was adopted by some centres as the
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standard of care for several tumour sites including prostate cancer. While evidence to
support this transition does exist, it will be important to evaluate how this rapid change in

clinical practice translates to long-term patient outcomes [38—40].

1.2.5 Treatment Planning Workflow

In order to maximize the therapeutic ratio and best treat each radiotherapy patient, each
patient’s treatment plan must be designed to fit their unique anatomy and needs. As such,
the conventional treatment planning workflow for EBRT prostate treatments is divided into

the following four steps:

(1) Computed Tomography Simulation Scan

The treatment planning process begins with the acquisition of a computed tomography (CT)
scan to obtain a full 3D anatomical representation of a patient. CT images are preferred
over other medical imaging modalities as they provide not only anatomical information, but
electron density information that is crucial to accurately model how radiation will interact
with the body. During the simulation appointment, the patient is positioned exactly as they
will be during the treatment with the help of immobilization devices that ensure reproducible
positioning and radio-opaque fiducial markers attached to the patient to define the coordinate
system that will be used for treatment planning and delivery. Acquisition of a pelvic magnetic
resonance image (MRI) is also recommended, when possible, to better identify prostate

localization and disease burden.

(2) Contouring of Critical Structures

Contouring is an important step that defines the locations of critical structures that inform
the treatment planning process. Simulation CT images are imported into treatment planning
software (TPS) and registered to one another for trained medical professionals to review,
identify, and delineate these structures.

Critical structures are divided into two groups: organs at risk (OARs) and targets.

OARs are any organs or anatomical structures with specific radiation dose tolerances that
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must be respected by the treatment plan, whereas targets are a nested set of volumes that
encompass the tumour and various biological and physical uncertainties in the treatment
planning process.  For prostate radiotherapy there are three main types of target

structures [10]:

e Gross Tumour Volume (GTV): encompasses the malignant growth visible on the

simulation C'T images.

« Clinical Tumour Volume (CTV): includes the GTV, plus an additional margin
that accounts for the actual or expected microscopic spread of disease based on clinical

experience. Conventionally, the CTV encompasses the entire prostate.

« Planning Target Volume (PTV): includes the CTV, plus additional margins to
account for anticipated geometric uncertainties in prostate positioning due to patient
set-up or organ motion. This is the structure that the radiation dose is prescribed to in
order to ensure all cancerous cells receive the intended dose. In general, modern PTV
margins for a prostate CTV range from 3-7 mm depending on the treatment modality

and protocol used.

(3) Treatment Planning

Once the simulation CT image is contoured, it is used to determine the optimal way to
deliver radiation to the PTV to meet the treatment planning goals. Many delivery factors
like beam energy, the number, orientation, shape, and size of radiation fields, and motion
of the MLCs and linac gantry can be adjusted during this process using a clinical TPS.
The TPS typically contains advanced dose calculation algorithms that use the information
from CT images to calculate how radiation beams will interact with a patient’s body. The
optimization of treatment delivery factors can be done through either forward or inverse
planning. However, modern prostate radiotherapy planning is performed almost exclusively
through inverse planning. Unlike forward planning, which requires the user to manually
set all delivery factors, inverse planning works backwards from the treatment goals of each
structure to determine what delivery factors are required to meet them. This approach

is an iterative process that tweaks delivery parameters to minimize an objective function



1.3. DELIVERY UNCERTAINTIES 15

that evaluates the satisfaction of various dose-volume constraints for targets and OARs.
Constraints usually take the form of “X% of this structure must receive no more/less than
Y Gy” and are described in more detail in Chapter 2. Once a satisfactory treatment plan
is generated, it is reviewed by radiation oncologists and medical physicists before being

approved for delivery.

(4) Treatment Delivery

For every fraction of the treatment plan, the patient is positioned on the linac couch as
closely as possible to the simulation position. Patient alignment is obtained and verified
using a combination of immobilization devices, laser guidance systems, and imaging. Once

positioning is confirmed, the treatment fraction is delivered as planned.

1.3 Delivery Uncertainties

The accuracy of radiotherapy delivery is just as, if not more important than, the quality of
the treatment plan to be delivered. Treatment machine output, treatment planning
algorithms, and patient positioning all contribute uncertainties that affect delivery
accuracy. The ICRU (International Commission on Radiation Units and measurements)
report 24, the AAPM (American Association of Physicists in Medicine) Task Group (TG)
106, and other authoritative bodies recommend that cumulative dosimetric uncertainties be
kept within 3-5% [41-43], which has shown to be reasonably achievable with modern
dosimetry protocols. While many uncertainty factors can be controlled and accounted for
before a patient begins treatment, one of the largest for prostate radiotherapy, organ

motion, must be accounted for at every treatment fraction.

1.3.1 Prostate Motion

Historically, management of patient positioning uncertainties was restricted to external
alignment. Radiation therapists would ensure surface markers on the patient’s skin were in
the same position as during the CT simulation, and their internal organs were assumed to

match the simulation positioning within a predictable uncertainty. While this assumption



16 1. Introduction

did not need to hold for treatments during the pre-conformal radiotherapy era, the
transition to 3D-CRT and increased usage of dose escalation in the late 1980s [44]

necessitated a reevaluation and recognition of the existence of significant prostate motion.

Seminal
Vesicles

Figure 1.4: Sagittal view of the key components of the male pelvic anatomy relevant to

Urethra

prostate radiotherapy.

The male pelvic cavity contains the rectum, bladder, and reproductive organs along with
major arteries, veins, and nerves. The organs are closely packed together, as shown in Figure
1.4, with the prostate snugly located posteriorly-inferiorly to the bladder and anteriorly to the
rectum. Due to this proximity, changes in the volume or shape of a neighboring structure can
influence the positioning of the prostate. These positional changes are typically attributed
to changes in bladder and rectum filling and can occur over the duration of a single fraction
(intra-fraction motion) or between fractions (inter-fraction motion). In general, intra-fraction
motion is small, on the order of 1-3 mm [45, 46], and tends to occur predictably with gradual
increasing of bladder filling over time [47]. Inter-fraction motion, on the other hand, is
much larger and more random in nature, posing a significant challenge to treatment delivery
accuracy.

The earliest reports of prostate inter-fraction motion were from controlled filling
experiments that compared prostate positioning before and after injecting contrast fluid
into the rectum and bladder. In these studies, the prostate was observed to shift by 5 mm
or more in 62% of participating patients when the rectal volume was increased by 50

cm? [48, 49]. In the most extreme cases, prostate displacement was nearly 20 mm, well
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beyond the typical PTV margins of 10-15 mm used in the early 3D-CRT era [50]. More
studies followed that aimed to characterize the level of prostate displacement that occurred
over a full course of radiotherapy. It was quickly determined that the largest standard
deviations in prostate positioning occurred in the anterior-posterior and superior-inferior
directions, in the range of 2.6-3.7 mm and 1.7-3.6 mm, respectively, with maximum
displacements on the order of 7-15 mm [51-55]. Lateral motion and rotations may also
occur but are generally within +1 mm and 16° [56].

Dosimetrically, prostate inter-fraction motion poses a significant risk to adequate CTV
coverage. If only external alignment is used, the average prostate dose can reduce by 0.4 Gy
for 8 mm isotropic margins or 2.1 Gy for 7 mm margins [57, 58], while the average dose to 95%
of the CTV can reduce by 5.1 &+ 9.0 Gy [58]. Consequently, patients treated with conformal
techniques are at increased risk of local and biochemical failure [59-62], especially if the rectal
volume at planning is not representative of the volume during treatment [63]. Dose to the
rectum and bladder are similarly, if not more, sensitive to inter-fraction motion [58, 64, 65],
as sub-volumes receiving high doses can vary by as much as 26.0% or 62.3%, for these
organs respectively, day to day [57]. For this reason, verification of daily prostate positioning
through image guidance became increasingly common in the 2000s and is now considered

standard practice [66].

1.3.2 Image Guided Radiotherapy

Image guided radiotherapy (IGRT) is broadly defined as the use of an imaging technology to
locate the position of the prostate during radiotherapy treatment, typically in conjunction
with a conformal treatment modality. While IGRT adoption rates vary by anatomical site,
targets that exhibit large inter-fraction motion like the prostate generally have the highest
rates of usage [67]. Nowadays, most linear accelerators have at least one type of on-board
imaging system integrated into their design, making for straightforward IGRT positioning
adjustments prior to treatment.

The European Society for Radiotherapy and Oncology Advisory Committee for Radiation
Oncology Practice (ESTRO ACROP) recommends the use of one of the following IGRT
techniques to verify daily prostate positioning [66]:
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o Computed Tomography (CT) Imaging is the most common modern prostate
IGRT technique as it provides 3D visualization of bone and soft tissues. Image quality

will depended on the type of CT imager used and the imaging radiation dose.

« 2D x-ray radiographs taken at two perpendicular angles. As soft tissue visualization
is limited for this modality, radio-opaque markers must be implanted into the prostate

to verify daily positioning.

o Electromagnetic transponders implanted in the prostate.  No anatomical

information is visualised with this modality.

o Ultrasound imaging performed either trans-abdominally or trans-perineally. Caution
must be taken to ensure the pressure with which the ultrasound transducer is held

against the skin does not induce additional prostate displacements [68].

« Magnetic Resonance Imaging (MRI) performed using new MR-linacs with fully

integrated MR scanners.

The use of IGRT has significantly contributed to the advancement of dose escalation,
hypofractionation, and conformal treatments. Inclusion of IGRT has been shown to
counteract the effect of rectal distention on failure-free survival [69-71] and significantly
reduce late toxicities for otherwise identical treatments [71, 72]. However, although
prostate IGRT undeniably improves the accuracy and precision with which dose is
delivered to the prostate, it is important to note that is inherently target-focused. This
means that while daily-delivered prostate dose will be within a few percent of the intended
planned dose, daily rectum and bladder doses can vary up to 30% from planned
values [57, 58]. The rectum in particular has been shown to exhibit interfraction motion
beyond what can be predicted based on prostate tracking [73], causing rectum delivered
dose to differ from what was planned. Consequently, a patient’s rectum dose may exceed
known radiation tolerances and cause radiation toxicity despite the original plan indicating
otherwise.

Radiation-induced rectal toxicities continue to be common for prostate radiotherapy,

even with the adoption of IGRT and conformal treatment modalities. Nearly a third of
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patients experience late toxicities, whereas between 54-70% experience acute toxicities, all
of which negatively impact quality of life [25, 32]. The situation likely stems from two key

consequences of prostate inter-fraction motion:
1. A patient may receive a different rectum dose than what was planned;

2. The treatment planning constraints used to create prostate radiotherapy plans are
based on dose-outcome relationships derived from planned, rather than delivered,

doses.

This is further confounded by the exclusion of spatial information in most dose-outcome
research possibly masking the existance of radiosensitive subregions in the rectum. For these
reasons, treatment outcomes cannot be expected to be improved without due investigation
and characterization of the relationships between delivered doses and radiation toxicities.
The development of methods to calculate and visualize delivered rectal dose are therefore

essential to any meaningful advancements in toxicity mitigation.

1.4 Thesis Goal and Objectives

This thesis presents research to establish and validate a methodology to calculate and
visualize delivered dose to the rectum wall in a spatially-inclusive manner. Specifically, the
use of two dimensional dose-surface maps for dose accumulation purposes was investigated.

This was achieved through four objectives:
1. To develop software for the calculation and accumulation of rectal dose-surface maps.

2. To assess the stability of dose-surface map appearance with regards to different

calculation methodologies.

3. To experimentally validate the accuracy of accumulated dose distributions calculated

from daily dose-surface maps.

4. To demonstrate a use case of accumulated dose-surface maps.
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1.5 Overview of Thesis

Chapter 1 introduced the treatment of prostate cancer with radiotherapy and the
consequences of prostate inter-fraction motion on rectum delivered dose and toxicities,

leading to the description of the objectives of this thesis.

Chapter 2 summarizes the history of dose-outcome research, limitations of the current
standards, and alternatives. The concepts of dose acummulation and dose-surface maps are

introduced, along with their relevance to dose-outcome studies of the rectum.

Chapter 3 outlines the development of a software package to calculate dose-surface maps
in satisfaction of objective 1. The resulting package, rtdsm, represents the first comprehensive
dose-surface map calculation code base to implement multiple calculation methodologies,
allowing for replication of the breadth of existing methodologies in the literature. The open-
source release of the software package also represents a potential major step towards improved
accessibility of dose-surface map research, which has so far remained largely segregated. This

work was published as a technical note in Medical Physics [74].

In Chapter 4, the first study investigating the sensitivity of dose-surface map appearance
and analysis to calculation methodology is presented (objective 2). It was found that different
calculation methodologies produced significantly different dose-surface maps, leading to the
identification of different analytical findings. The possible implications on reproducibility
within the field of dose-surface map research are discussed and several measures to improve
the current situation are recommended. This manuscript for this chapter has been submitted

to Physics in Medicine & Biology.

Chapter 5 compares accumulated rectum doses calculated using dose-surface maps to
absorbed dose measurements performed with radiochromic film (objective 3). The accuracy
of rectal dose-surface map accumulation was evaluated for different inter-fraction motion
scenarios and different calculation methodologies. Results indicated that dose-surface map
based dose accumulation generally agrees with measured dose distributions within TG-218
recommended tolerance limits, provided a specific calculation approach is used. This
chapter represents the first attempt to experimentally validate dose-surface map based dose

accumulation and is undergoing revisions for publication in Acta Oncologica.
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Chapter 6 demonstrates how dose-surface maps can be used to evaluate the effects of
inter-fraction motion on rectum dose during a course of prostate radiotherapy using the
methodology identified in Chapter 5. It was found that dose-surface maps could identify
deviations in rectal delivered dose that could not be identified using conventional dose-
volume histogram data. This chapter has been submitted as a manuscript to the Journal of
Applied Clinical Medical Physics.

The thesis concludes with Chapter 7, which summarizes the work and discusses future

possible avenues of accumulated dose-surface map based research.

1.5.1 Peripheral Publications

The following articles were published in parallel to my doctoral studies and represent
additional work contributing to, but not directly related to, this thesis or collaborations

with other researchers from my institution:

1. Naseri H, Skamene S, Tolba M, Faye MD, Ramia P, Khriguian J, Patrick H,
Andrade Hernandez AX, David M, Kildea J. ‘Radiomics-based machine learning
models to distinguish between metastatic and healthy bone using lesion-center-based

geometric regions of interest’. Sci Rep. 2022 Jun 14; 12(1): 9866.

2. Di Lalla V, Patrick H, Siriani-Ayoub N, Kildea J, Hijal T, Alfieri J. ‘Satisfaction
among Cancer Patients Undergoing Radiotherapy during the COVID-19 Pandemic:
An Institutional Experience’. Curr Oncol. 2021 Apr 10; 28(2): 1507-1517.

3. Patrick HM, Souhami L, Kildea J. ‘Reduction of inter-observer contouring variability
in daily clinical practice through a retrospective, evidence-based intervention’. Acta

Oncol. 2021 Feb; 60(2): 229-236.

4. Sepulveda E, Patrick H, Freeman CR, Kildea J. ‘Implementation of a DVH Registry
to provide constraints and continuous quality monitoring for pediatric CSI treatment

planning’. J Appl Clin Med Phys. 2021 Jan; 22(1): 191-202.

5. Patrick HM, Hijal T, Souhami L, Freeman C, Parker W, Joly L, Kildea J. ‘A
Canadian Response to the Coronavirus Disease 2019 (COVID-19) Pandemic: Is
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There a Silver Lining for Radiation Oncology Patients?’ Adv Radiat Oncol. 2020 Jun
29; 5(4): 774-776.
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Chapter 2

Background

2.1 A Brief History of Dose-Outcome Research

A radiotherapy dose-outcome relationship characterizes the probability of a specific
treatment outcome as a function of radiation dose. Dose-outcome relationships are the
foundation on which radiotherapy treatments are based, dictating the radiobiological
constraints that radiation oncologists must work within to maximize TCP and minimize
NTCP. These constraints are usually implemented in clinical practice by way of dosimetric
objectives and constraints: specific minimum prescription doses to the target and
maximum dose thresholds for the OARs below which the risk of serious toxicity is rare (e.g.

5% over 5 years).

2.1.1 Early Era

During the infancy of radiotherapy, treatments were limited to lower energy (50-200 kV)
sources of radiation that deposit most of their dose in the skin. As such, the main toxicities
of concern were skin irritations or burns, and the earliest radiation dose limits were defined
based on the exposures required to produce a skin rash (erythema) [1]. Further radiation
toxicities for other organs were determined throughout the 1910s and 1920s with the discovery
and commercialization of radioactive substances like radium, but skin toxicity remained the

primary concern of external beam x-ray treatments until the 1940s.
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2.1.2 Megavoltage Era

With the 1940s came the development of high-energy megavoltage (MV) treatment beams,
which are more penetrating, provide a skin-sparing effect, and deposit most dose a few
centimeters into the body. The transition to MV EBRT treatments was all but secured
with the invention of linacs and cobalt teletherapy units in the 1950s [2], allowing for the
treatment of more deep-seated cancers with fewer skin reactions. However, the treatments
of this era were characterized by generous treatment beam margins to account for
treatment setup uncertainties as well as inter- and intra-fraction motion of the target and
OARs, often resulting in whole or partial volumes of internal organs receiving doses at or
near the prescription dose [3]. While internal organ toxicities had become commonplace, a
comprehensive attempt at their characterization did not occur until 1968 with the
publishing of Rubin and Casarett’s text Clinical Radiation Pathology [4]. A radiotherapist
and radiopathologist respectively, Rubin and Casarett collaborated to fully describe the
pathology and radiobiology of radiation toxicities for 20 organ groups, recommending best
treatment practices for each. They pioneered the concept of tolerance dose—the dose at
which a given toxicity has a probability X to occur in time period Y-—that is still used
today and was the dominant method to express toxicity in the 1970s and 1980s. However,
it is worth noting that Rubin and Casarett’s recommendations were derived based on

whole-organ exposures, which became invalid with the next evolution of radiotherapy.

2.1.3 Conformal Era

The invention of the CT scanner in 1971 [5] represented a landmark shift for the field of
radiotherapy. Tumours and internal organs could now be properly visualized in CT images
that could be used to guide treatment plan design in burgeoning early computerized
treatment planning systems. The computer revolution itself was allowing for better
quantification of dose to internal organs, and advancing computer power was leading to the
development of the 3-dimensional conformal radiotherapy (3D-CRT) modality. 3D-CRT
uses CT images to compute views of the target from various angles around the patient’s

body and to conform the radiation beams to the shape of the target in each view using
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MLCs. A significant development that aided 3D-CRT planning was the invention of the
dose-volume histogram (DVH) by treatment planning system developers Goitein and
Verhey in 1979 [6]. DVHs are 2D representations of the 3D dose deposition within a given
volume of interest. They are created by counting the number of voxels in a given contoured
object receiving a radiation dose of value X or greater (Fig 2.1). This allows for simple,
straightforward visualization of the dose coverage of an OAR or target as well as
quantification of the dose a fractional volume of a structure is exposed to, making DVHs a
mainstay for treatment plan evaluation and optimization. DVH information is commonly

reported in either “Visseqy” or “Dygi” form, describing either:

 The percent volume of the structure receiving X Gy or more (Vyose ay), OF

o The minimum radiation dose (in Gy) delivered to most exposed Y% of the structure
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Figure 2.1: Visual explanation of the DVH concept. A diamond-shaped structure contains
a distribution of dose voxels (left), which can be used to obtain a DVH (right) by computing
a cumulative histogram of the voxel values contained within it. Examples of the V,seqy and

D, are also shown.

With the advent 3D-CRT came a new issue for clinicians: now that treatment beams
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were more conformal to target volumes, neighbouring OARs were being partially irradiated
much more frequently, something for which they had no guiding tolerance doses. Paired
with the shift from 2D to 3D planning, radiation oncologists were left to guess what
constituted reasonable OAR doses based on their past experience. Recognizing the need for
new constraints in this landscape, Emami assembled a team of experts and released his
landmark paper Tolerance of Normal Tissue to Therapeutic Irradiation in 1991 [7]. Using
their shared experience and what little quantitative data existed, the Emami paper
established a set of recommended dosimetric constraints for partial volumes of all major
OARs. In collaboration, Burman et al also fitted a Lyman NTCP model to the Emami
constraints [8], allowing them to be extrapolated to any fractional volume of an organ.
These guidelines, paired with the development of inverse planning algorithms for treatment
planning systems, formed the basis of the next two decades of radiotherapy treatment
planning.

Inspired by Emami, the 1990s and 2000s saw the publication of numerous clinical studies
on dose-outcome effects for many treatment sites. Updated dosimetric constraints based on
DVH metrics were being suggested for organs based on data analysis emerging from NTCP
models, rather than experiential consensus. IGRT was also being utilized more and more in
the early 2000s to reduce setup uncertainty and to better accommodate the potential effects of
inter-fraction motion. By 2007 the field recognized that an update to the Emami constraints
was necessary, resulting in the forming of the QUANTEC (QUantitative Analyses of Normal
Tissue Effects in the Clinic) initiative. QUANTEC summarized the dose-outcome knowledge
base into a set of practical guiding dosimetric constraints in a special 2010 edition of the Red

Journal, serving as the foundation for the last decade of treatment planning efforts [3].

2.1.4 Modern Era

Dose-outcome research has continued to remain popular since the publishing of
QUANTEC. Recently the AAPM has released HyTEC (Hypofractionated Treatment
Effects in the Clinic) [9], a sister report to QUANTEC covering constraints for the
ultra-hypofractionated treatment modality, Stereotactic Body Radiation Therapy (SBRT)

due to growing evidence of different biological response to hypofractionated doses.
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2.2 Limitations of Existing Dose-Outcome Studies

It is important to note that while individual studies and larger initiatives like QUANTEC
and HyTEC provide valuable guidance on OAR sparing practices, the dosimetric constraints
they recommend are limited by the data used to derive them. For example, the literature
base used to determine the QUANTEC rectum constraints featured many contrasting claims
on what fractional volume of the rectum was able to tolerate doses between 30 and 60 Gy (Fig
2.2). Factors like sample size, treatment protocol, and outcomes metrics are among the many
sources of uncertainty that can complicate the characterization of the true dose-outcome
response of OARs and were the subjects of several “Vision Papers” in the QUANTEC report
[10-12]. However, the focus of this thesis is on two particular limitations regarding the use
of treatment planning DVH data in conventional dose-outcome studies: (1) the planned dose
does not always represent the dose that is actually delivered, and (2) DVHs do not provide

spatial information.
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Figure 2.2: Dose-volume limits proposed in the literature and used as a foundation for
QUANTEC rectum dosimetric constraints. All values have been converted to be for standard
fractionation (2 Gy/fraction). Thicker lines indicate that higher toxicity rates were observed.

Figure reproduced from [13].
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2.2.1 Planned versus Delivered Dose

Patient delivered doses can differ from planned doses due to many factors including inter-
or intra-fraction motion, tumour shrinkage over the course of treatment, weight
fluctuations during treatment, and daily set-up uncertainties.  However, nearly all
dose-outcome studies use planned doses, rather than delivered doses, to evaluate the
dose-outcome effect of OARs. Delivered dose calculations are complex and require a robust
workflow that was not widely accessible until the 2010s, and even with a workflow in place,
the extra effort required can disincentivize researchers from using delivered doses over
readily-available planned doses. However, the dose differences involved are often not
negligible and many studies of prostate radiotherapy have demonstrated significant
disagreement between planned and delivered rectum doses. For example, Pearson et al,
Godley et al, and Scaife et al all reported substantial increases in the proportion of the
rectum receiving 70 Gy (Vi ¢, increase 15-60%) during treatment delivery [14-16].
Statistically significant differences between planned and delivered mean rectum doses have
also been reported by several authors [15, 17, 18], even in cases where endorectal balloons
were used to limit the effects of rectal filling variations [19]. Studies conducted by Lebesque
et al and Wen et al have suggested that these dosimetric differences can increase the rectal
NTCP by up to 14% in the pre-IGRT era and 3% since [20, 21]. While one of the
QUANTEC vision papers heavily advocated for a shift towards the use of delivered doses
and outlined the efforts required [10], adoption has been slow. A small collection of studies
using delivered rectum doses have been published recently, and together provide evidence
that delivered doses may offer a non-negligible improvement in dose-outcome prediction

over planned doses [22-24].

2.2.2 Spatial Dose Effects

While DVHs are used as a routine tool in radiotherapy practice, they are not without
criticism. Most commentary on the limitations of DVHs revolve around the lack of spatial
information and the convention of reporting DVH metrics in terms of relative volume,

rather than absolute. Excluding spatial (or even absolute volume) information makes it
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impossible to determine which region or what size region a Vy ¢, (%) metric is referring to
for a given organ. This can be especially troublesome for organs that exhibit large volume
fluctuations like the rectum, which motivated the decision to provide HyTEC-recommended
constraints for the rectum and bladder in units of absolute volume [25]. The collapsing of
3D spatial dose distributions into a 1D function also gives rise to another important
limitation: the same DVH can be derived from hundreds of unique 3D dose distributions,
requiring the assumption that all dose distributions that yield the same DVH yield the
same dose response (Fig 2.3). This ties in with another key assumption: by discarding
spatial information we assume that all organs are homogeneously radiosensitive. This
assumption has arguably been utilized since the work of Rubin and Casarett [4], but
numerous studies have demonstrated otherwise. Salivary gland, bladder, lung, and heart
toxicities [26-29] have all been associated with dose to critical substructures or more
actively functioning areas, whereas a dependence on spatial dose gradients has been
reported for spinal cord toxicities [30]. Interest in spatial dose effects has increased in

recent years, with discussions on available metrics and best practices ongoing [31].

Rectum A Rectum B DVHs

Figure 2.3: Despite rectums A and B receiving very different dose distributions, their DVHs

are identical after the spatial information is removed.

Several alternatives to traditional DVH metrics have been suggested since early
criticisms began at the beginning of the millennia [32]. The earliest — and simplest —
alternative is the creation of DVHs for sub-volumes of a structure. Common sub-volume
definitions for the rectum include separation into several subregions [33, 34|, as well as

slice-wise sub-volumes (commonly referred to as dose-line histograms) [35-37], both of
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which have been demonstrated to produce improved dose-outcome models over those that
use whole structure DVHs. More recently, full preservation and utilization of 3D dose
information for outcomes research has been performed using deformable registration to
align dose distributions to a single reference anatomy. Using this approach, Acosta et al
identified a subregion in the anterior rectal wall which received 6 Gy more in patients who
experienced rectal bleeding compared to than those who did not [38]. Similarly, Drean et al
conducted 3D sub-volume analysis and identified that dose to the inferior-anterior quarter
of the rectum was highly predictive of bleeding [33]. However, the most common
alternative spatial dose representation in use for the rectum is 2D dose-surface mapping,
which has been shown to yield toxicity associations not detectable with DVHs [39] and
increased AUC (Area Under the receiver operating characteristic Curve) values relative to

models that use only DVH information [40-42].

2.3 Dose Accumulation

Dose accumulation refers to the process of calculating the total dose delivered to an organ

or body across multiple time points and requires three key elements [43]:

1. The anatomical information of the patient for each radiotherapy fraction;
2. A dose calculation method to determine the dose delivered at each fraction;

3. A dose summation strategy that accounts for the anatomical variations between

fractions.

2.3.1 Anatomical Information

In order to accurately calculate and accumulate daily organ doses, the localization of a
patient’s organs during each treatment fraction must be known. This information can be
obtained from volumetric images obtained during radiation delivery, such as those acquired
for daily IGRT. The imaging modality used is largely dependent on the imagers that are
integrated into treatment suites, with cone-beam CT (CBCT) imaging being the most

prevalent.
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CT images are computational reconstructions of a 3D object based on many 2D
projection images of the object acquired from many angles. Due to the projection images
being transmission x-ray radiographs, the reconstructed CT voxels provide information on
the radiation attenuation coefficients, u, of the object for the x-ray beam used to acquire
it [44]. This information can be used by dose calculation engines by relating the voxel

intensities, given in Hounsfield Units (HU)

HU = 1000 x Hvowel — Hwater (2.1)

Hwater — Hair

to dosimetrically relevant material properties. However, it is important to note that HU
values are dependent on both x-ray beam energy and beam shape, meaning different imagers
may produce different readings for the same material.

CBCT imagers are primarily differentiated from traditional diagnostic, fan-beam CT
(FBCT) imagers based on the shape of their radiation beam. FBCT uses a thin, collimated
fan beam to acquire individual slices of a CT image, whereas CBCT imagers use a conical
radiation beam and large detector array to acquire multiple CT slices in a single rotation of
the gantry (Fig 2.4). While image resolution is slightly better with CBCT systems due to
the use of flat panel detectors, overall image quality for CBCT is reduced. This is because
the wider beam leads to significantly higher levels of scattered radiation reaching the flat-
panel detector, decreasing the signal-to-noise ratio and image quality [45]. Additionally, the
reconstruction algorithm used by most clinical CBCT scanners is less reliable at larger angles
from the central plane, meaning the most superior and inferior slices of CBCT images tend

to have less accurate reconstructions than the central-most [46].

2.3.2 Dose Calculation Method

To provide accurate dose distributions within 1-2% [47], a dose calculation method must be
able to accurately model radiation interaction and energy deposition events within the many
tissues of a patient. Clinically, this must also be done in a timely manner, meaning a balance
must be struck between accuracy and speed. For example, the gold-standard, Monte Carlo

simulation, explicitly models the interactions of particles as they travel through the patient
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Figure 2.4: Beam and detector configurations for (a) fan beam and (b) cone beam CT

imaging.

but it requires either substantial time or computing power to simulate the billions of particles
required [48]. For this reason, most commercial dose calculation software applications use
a Convolution-Superposition algorithm to break down the dose deposition process into two
components to speed up the computation time while still preserving calculation accuracy [49].
The algorithm replicates the two-step process in which indirectly ionizing radiation deposits

dose, along with a heterogeneity modifier as follows:

1. TERMA component: To start, the algorithm computes the distribution of the
photons from the primary radiation beam as it travels through the patient, up until
they interact with the tissues. This can be easily calculated by multiplying the
energy fluence map of the primary photon beam by the mass attenuation coefficients
of each point in the patient to yield primary TERMA (Total Energy Released per
unit MAss).

2. Kernel component: From these interaction points, the algorithm then determines
the distributions of the secondary photons and charged particles released at these
points and how they deposit energy around them. Kernels are complex and depend on
many factors and are therefore usually pre-calculated through Monte Carlo modeling
and stored within the algorithm for easy lookup. These kernels are convolved with the

TERMA component to produce the dose distribution.

3. Heterogeneity modifier: Because the transport of secondary photons and charged

particles depends on the material composition of the irradiated object, the spatial
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composition of the object needs to be accounted for. Rather than pre-calculate millions
of unique kernels for every possible situation, both TERMA and kernel components
receive a modifier that scales their distributions based on the radiologic densities within
the heterogeneous patient before they are convolved together. This is known as the
“superposition” aspect of the algorithm, providing suitable heterogeneity corrections

while keeping the calculation manageable.

The heterogeneity modifier term is an essential component of accurate dose calculations,
as its exclusion can lead to errors of up to 30% of the prescribed treatment dose [50]. These
modifiers are based on tissue electron densities (EDs) [51], which can be linked to CT HU
values through the use of a HU-ED curve determined by imaging calibration phantoms
containing material inserts representing the many tissue types present in the human body
[52]. However, it is important to note that the default HU-ED curves saved and maintained in
dose calculation engines are for FBCT imagers, meaning either additional CBCT-specific HU-
ED must be obtained [53, 54] or image post-processing workflows must be established [55, 56]
in order to ensure accurate dose calculations when using CBCT images. For the work
described in this thesis, we tested the performance of both approaches before settling on

using CBCT-specific HU-ED curves for our dose accumulation workflow.

2.3.3 Dose Summation Strategies

Perhaps the most integral component of the dose accumulation process is the dose summation
strategy. Simple addition of daily dose distributions neglects inter-fraction positional changes
of organs and can yield different accumulated dose distributions than what was delivered in
practice. While addition or averaging of daily DVHs or DVH metrics can be used to estimate
total delivered dose [18, 57-59], it similarly fails to properly account for inter-fractional
positional changes. For this reason, a reliable means to spatially align daily dose distributions
to the same reference anatomy is a critical element of a quality dose accumulation strategy.

Deformable image registration (DIR) is the most commonly employed method to align
daily delivered doses for dose accumulation. Using a reference anatomical image, a moving

image of a different anatomical arrangement is iteratively deformed, evaluated, and updated
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by a deformable registration algorithm to match the anatomy of the reference (Fig 2.5).
These deformations are then applied to the moving image’s dose distribution, allowing it
to be accumulated with other dose distributions aligned to the reference anatomy. While
different DIR algorithms may be constructed in different ways, they all require three key

elements:

1. A Transformation Model that defines the types of deformations that can be
applied to the moving image. These can be either parametric models, which only
calculate explicit deformations for a grid of control points and use splines to
interpolate deformations for the remaining voxels [60, 61], or non-parametric models
that explicitly calculate deformations for each voxel according to a physics force

model (such as Demons force, elastic force, or fluid flow) [62-64].

2. A Similarity Metric that measures the similarity between the reference and
deformed version of the moving image. These metrics can be either intensity-based,
which compare voxel intensities, feature-based, which compare anatomic features like

tissue boundaries or landmark points, or a hybrid of the two [65].

3. An Optimization Strategy to determine the best way to wupdate the
transformation model after each iteration to maximize the similarity metric. Most
commercial algorithms use gradient-based optimization approaches, though some also

employ more stochastic methods [66].

As the accuracy of DIR-based dose accumulation is heavily dependent on deformation
quality, it is strongly recommended that all DIR algorithms be validated using quantitative
performance metrics for each treatment site of interest. One of the simplest approaches is
to quantify the accuracy at which an algorithm can deform organ contours from one image
to another using Dice Similarity Coefficients (DSCs). DSCs provide a measure of the
volumetric overlap of two contours (i.e. reference and deformed) between 0 and 1, with
scores of >0.8 recognized as acceptable performance [66].

The performance of various deformable image registration algorithms for prostate
radiotherapy applications has been the subject of numerous studies, covering

CT-CT [15, 67-71], CT-CBCT [72-76], and MR~CT registrations [77, 78]. Over the years,
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Figure 2.5: Overview of the process by which a deformable image registration algorithm

deforms a moving image into the reference image.

most publications have focused on the performance of intensity-based algorithms,
particularly those that use spline or Demons transformation models. Mean rectum DSC
scores achieved by the algorithms are typically within the range of
0.60-0.77 [67, 68, 70, 74], though mean DSC scores as low as 0.37 have been reported by
some authors for lower performing Demons algorithms [69, 73]. As noted by Foskey et al,
many intensity-based algorithms struggle to handle the appearance and disappearance of
rectal gas between treatment fractions, reducing registration accuracy [79]. While some
authors have demonstrated that pre-processing images to remove gaseous pockets or
assigning bulk HU values to entire organs can improve DSC scores (Godley et al: 0.74 to
0.93 and Gao et al: 0.51 to 0.71 [15, 71]), these approaches are generally undesirable as
they often require additional labor from clinical staff to fully delineate the rectum on each
daily image. More recently, hybrid algorithms that include geometric similarity metrics
have begun to show promise, outperforming intensity-based algorithms in direct
comparisons [73, 77, 80]. However, it is important to note that high DSC scores do not
necessarily mean registrations are accurate. Both Thornqvist et al and Thor et al noted a
significant proportion of their rectum registrations would be deemed unacceptable from a
manual contouring standpoint, despite achieving DSCs between 0.71 and 0.78 [68, 72].
Beyond in silico performance metrics, which tend to be more global in nature, dose

deformation and accumulation strategies can also be evaluated with computational and
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physical phantoms. Computational phantoms typically take the form of before and after
image pairs where the transformation model between them is explicitly known and can be
useful for evaluating baseline algorithm performance. Physical phantoms on the other
hand, can allow for a full end-to-end evaluation of the dose accumulation process that
encompass imager noise, dose calculation uncertainties, and deformation accuracy. For
example, deformable gel dosimeters are excellent end-to-end dose accumulation phantoms,
as they allow for direct comparisons of delivered and calculated total doses [81-83]. More
recently, fully 3D, anthropomorphic pelvis phantoms have been developed to validate
MR-linac dose accumulation using embedded point detectors, radiochromic films, or gel
dosimeters [84-86].  Testing with such phantoms can reveal inaccuracies in dose
accumulations that are not readily apparent through visual inspection of image

registrations alone [81].

2.4 Dose-Surface Maps

Dose-surface maps (DSMs) provide 2D representations of 3D surface doses that preserve the
relative spatial information of the dose distribution on an organ’s surface. For this reason,
they are particularly useful and popular for examining dose to hollow organs like the rectum
and bladder [22, 29, 41, 87, 88|, although studies have been conducted for the vagina, heart,
duodenum, and esophagus [28, 89-91].

First described by Meijer et al [92], the DSMs reported in the literature have been
calculated using contour and dose information from treatment planning systems using
custom, in-house software. The general calculation process begins by defining multiple
slices along the length of a structure’s surface (Fig 2.6), then sampling dose at many points
around the circumference of each slice. A decision is then made on where the
(approximately) cylindrical surface should be cut open, and the mesh of dose points
unfurled and flattened into a 2D grid. In some cases, authors may post-process. For
example, authors who do not normalize the number of dose points sampled per slice during
DSM calculation may opt to apply this normalization after the fact [93]. Other authors

may also chose to interpolate DSMs to a common M x N matrix size for dataset
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Figure 2.6: Flowchart of the basic DSM calculation process. Using a contour from a
treatment plan, slices of the structure are defined along which dose will be sampled from
the plan’s dose distribution. The cylindrical set of dose points will then be cut open and

unfurled to produce a DSM.

consistency [41].

It is important to note that while the general DSM calculation approach largely remains
consistent between research groups, implementations can and do vary significantly between
research groups. The most noteworthy way by which methods diverge is in how DSM slices
are oriented in 3D space. The earliest reports of rectum DSMs used the rectum’s central
axis path to define slices orthogonal to it to account for its curvature in space (non-coplanar
slicing) [39, 92, 94]. However, this approach was quite complex, requiring corrections or
special path trajectories to handle overlapping slices [90, 95]. This eventually led many
authors to simplify the calculation by using the parallel slices of the CT on which the rectum
contour was drawn [41, 96, 97], and quickly became the dominant approach (planar slicing).
DSM calculation approaches can also vary in several other ways. For instance, some authors
space DSM slices using a set distance (e.g. 1.5 or 3 mm) while others allow the distance
to vary on a patient-by-patient basis such that each DSM comprises the same total number
of slices. Sampling resolutions are highly variable as well, with some authors using course
resolutions of 21 x 21 pixels [98] compared to others who use finer resolutions of 200 x 200
pixels or more [40, 93]. Even the location in which the DSM is cut open for unfurling can
differ: some groups merely use the posterior-most point of each slice [41, 98, 99] while others

use the points directly posterior to the centroids of each slice [22, 39, 100]. This diversity
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of methods can be largely attributed to the in-house nature of most DSM calculation code
bases, requiring each new research group to develop their own implementation.

While calculation methods can and do vary, the primary objective of most DSM studies
is the same: identify spatial factors that are predictive of OAR toxicities. These factors are
determined by comparing DSMs between patients with and without a given toxicity and
characterizing how their spatial dose distributions differ. Two main categories of spatial
factors have emerged over the years and enjoy similar levels of popularity in rectal DSM

studies:

1. DSM features describe the size and shape of isodose clusters within a DSM, such as
their area, center of mass, and lateral or longitudinal extent (Fig 2.7) Features that
describe the size, shape, and angle of ellipses fitted to these clusters have also been
commonly investigated after initial popularization by Buetter et al [41, 101]. Several
features have been associated with the development of various rectal toxicities after
standard fractionated radiotherapy. For instance, rectal bleeding has been associated
with lateral extents of 40-60 Gy isodose clusters [22, 41, 93] and the area of 51 Gy
clusters [41, 100], and diarrhea has been associated with area, lateral and longitudinal

extents, and eccentricity of 23 Gy clusters [41, 100].

2. DSM subregions are areas within a given organ’s DSM that receive significantly different
dose between patients with and without a radiation toxicity, which may indicate the
region is important for normal organ function. They are identified by comparing pixel
values between DSMs from patient cohorts with and without the toxicity, usually with
some kind of multiple comparisons correction to account for false positives [40, 87, 93,
102]. With a few exceptions, most identified subregions are located in the posterior
rectal wall and suggest increased posterior wall dose may be associated with rectal

bleeding [23, 93, 100, 103], proctitis [23, 100], and loose frequent stools [100, 103].

2.4.1 Dose-Surface Map Accumulation

As described above, dose-surface maps convert dose distributions on a 3D surface to a

regularized, 2D map grid. Much like deformable image registration, this process takes one
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Figure 2.7: DSM features are derived from masks of isodose regions within a DSM. Several

popular features in the literature are shown.

spatial representation of dose, applies a transformation function to calculate the DSM, and
outputs a different spatial representation. Because of this, if one can safely assume that the
transformation function can reliably deform the dose distribution of any rectum to the
same standard 2D grid, dose accumulation should be possible by summing DSMs from each

treatment fraction (Fig 2.8.)

—

S

Figure 2.8: DSM-based dose accumulation is hypothetically feasible provided the dose-
surface map calculation process can accurately map the dose to a given point in the rectum

to the same location within the DSM for each fraction.

The first published proposal of this approach was made by Murray et al in a 2014
conference abstract [98].  Using the DSM calculation approach developed by their
collaborators Buettner et al [41], Murray et al calculated and summed 21 x 21 pixel planar
DSMs for each fraction of a prostate radiotherapy course to calculate accumulated DSMs
for three patients. Unfortunately, Murray did not publish further on this idea. Their idea

was however, continued by another student from the Royal Marsden Hospital, d’Aquino,
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who used Murray’s DSM accumulation methodology to evaluate planned and delivered
dose-outcome relationships for the rectum, ultimately finding them to be similar when

strict IGRT and enema regimens are employed [104].

Separately, an interdisciplinary team from Cambridge led by Burnet established the
“VoxTox Initiative” to examine rectal dose-outcome relationships using delivered doses
calculated by way of DSM accumulation. Initially, the group used a similar DSM
calculation and summation approach to Murray, calculating and summing 21 x N pixel
planar DSMs (N being the number of slices the rectum spanned) by aligning them at the
rectum inferior border [16, 22]. Eventually they moved to a biomechanical modeling-based
calculation strategy. Using the biomechanical properties of rectal tissue, the team would
deform a cylindrical mesh to the shape of a given rectum for dose sampling. The mesh
would then be returned to its rest state and unwrapped to produce a DSM. Shelley et al
would go on to publish two papers on dose-outcome relationships using both planar and
biomechanical DSMs, ultimately reaching a similar conclusion to d’Aquino that delivered

doses were slightly more predictive of rectal toxicities compared to planned doses [22, 23].

Another DSM accumulation study comparing matched patients with and without grade
> 2 proctitis was conducted by Casares-Magaz et al [24]. Unlike Shelley et al and Murray et
al, Casares-Magaz et al only used a subset of daily CBCTs representing 30% of all fractions
to calculate accumulated planar DSMs. They noted patients with proctitis received higher
dose to the inferior anterior rectum than matched control patients, who themselves received
lower accumulated doses than planned. They also reported dose metrics from accumulated

DSMs were more predictive of proctitis than planned DSMs, similar to previous reports.

While DSM accumulation has been explored in some detail already, it should be noted
that some unexplored territories remain.  Most notably, previous authors did not
experimentally validate their DSM accumulation methods with physical measurements,
meaning the potential limitations of DSM accumulation are not known. Studies have also
focused thus far on standardly-fractionated treatments (2 Gy/fraction) which are delivered
over the course of 30 or more fractions, rather than the short-course ultra-hypofractionated
treatments that have become commonplace since the 2020 pandemic. As speculated by

Shelley [105], longer courses of treatment may allow for random variations in daily doses to
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average out over the full treatment course, yielding similar planned and delivered doses,
whereas shorter courses of treatment may not. Investigation into this phenomenon is
worthwhile to determine if treatment course length plays a role in the magnitude of
delivered dose variation from the plan, especially given the recent rise of prostate
SBRT [106]. Finally, the different DSM calculation methods used by these authors gives
rise to the question of the equivalence of accumulated DSMs calculated in different
manners. Investigation of this matter is important to determine the universal applicability
of DSM-derived findings and whether or not a universal standard needs to be adopted.
These limitations severed as the underlying motivations for the objectives of this thesis
and are addressed in the following chapters. The equivalence of DSMs calculated in different
manners is investigated in Chapter 4 (objective 2), the validation of DSM accumulation in
Chapter 5 (objective 3), and equivalence of planned and delivered doses during short-course

prostate SBRT in Chapter 6 in parallel with objective 4.
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3.1 Preface

In this chapter, we describe how we developed an open-source code package for the
calculation and analysis of dose-surface maps (DSMs). DSM calculation is a complex and
variable process, with many different existing techniques to perform each stage of the
process. To date, individual researchers have typically developed their own proprietary
codes that may entail different slice orientations, sampling resolutions, or unwrapping

techniques, and may also utilize different DSM analysis techniques. = However, the
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variability introduced by such compartmentalized code bases hinders inter-study
comparisons and meta-analyses. Furthermore, it also increases the barrier to entry into the
DSM research field, especially for individuals who are not proficient in computer
programming. We therefore determined that the creation and release of an open-source
code package for DSM calculation would be a major step in addressing both issues.

In this chapter, we outline the design and testing of a customizable DSM calculation
code package, rtdsm, to replicate the existing dominant DSM calculation techniques in the
literature. We used the popular and beginner-friendly open-source computation language,
Python, to construct a package of modular functions for DSM generation and analysis. For
the first time in the literature, we reported implementation methodologies that calculate
both planar and non-coplanar DSMs in a single code base. Our package also includes
support for post-processing and popular DSM analysis techniques. Finally, we
demonstrated the package’s usefulness with an end-to-end comparison study of DSMs from
two prostate radiotherapy treatment courses. This work serves not only as a basis for the
DSM studies that are described later in this thesis, but also provides an open-source,
ready-to-use platform for DSM research that is available to the broader scientific

community.

3.2 Abstract

Background: Dose-outcome studies in radiation oncology have historically excluded spatial
information due to dose-volume histograms being the most dominant source of dosimetric
information. In recent years, dose-surface maps (DSMs) have become increasingly popular for
characterization of spatial dose distributions and identification of radiosensitive subregions
for hollow organs. However, methodological variations and lack of open-source, publicly
offered code-sharing between research groups has limited reproducibility and wider adoption.

Purpose: This article presents rtdsm, an open-source software for DSM calculation with
the intent to improve the reproducibility of and the access to DSM-based research in medical
physics and radiation oncology.

Methods: A literature review was conducted to identify essential functionalities and
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prevailing calculation approaches to guide development. The described software has been
designed to calculate DSMs from DICOM data with a high degree of user customizability and
to facilitate DSM feature analysis. Core functionalities include DSM calculation, equivalent
dose conversions, common DSM feature extraction, and simple DSM accumulation.

Results: A number of use cases were used to qualitatively and quantitatively
demonstrate the use and usefulness of rtdsm. Specifically, two DSM slicing methods,
planar and non-coplanar, were implemented and tested, and the effects of method choice
on output DSMs were demonstrated. An example comparison of DSMs from two different
treatments was used to highlight the use cases of various built-in analysis functions for
equivalent dose conversion and DSM feature extraction.

Conclusions: We developed and implemented rtdsm as a standalone software that
provides all essential functionalities required to perform a DSM-based study. It has been
made freely accessible under an open-source license on Github to encourage collaboration

and community use.

3.3 Introduction

Achieving balance between sufficient tumour irradiation and normal tissue sparing is a
longstanding challenge in the field of radiotherapy. For this reason, dosimetric constraints
for organs-at-risk (OARs) derived from dose-volume histograms (DVHs) have been an
essential component of treatment planning since their introduction in the 1990s [1].
However, DVHs are limited by their lack of spatial information and by the inherent
assumption that OARs respond homogeneously to radiation [2]. This assumption is
counter to evidence supporting regional variations in OAR sensitivity, which have been
reported for multiple organs such as salivary glands, bladder, rectum, and lung [3-7] using
a variety of techniques to study spatial dose information [8].

A popular instrument used to help identify radiosensitive subregions in hollow organs is
the dose-surface map (DSM), which projects a region of interest’s (ROI) surface dose onto
a 2D grid. This is typically achieved by sampling the surface dose across multiple slices of

the ROI and cutting and unwrapping its hollow structure to create the map, though some
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alternative surface dose sampling methods exist [9, 10]. To date, DSMs have been used to
identify spatial dose features predictive of toxicities for the rectum, bladder, vagina, and
heart [11-15].

Despite their growing popularity, there is a lack of consensus about how to generate
DSMs. Most notable is the ways in which the ROI slices are defined: some groups opt to
use axial slices parallel to the slices of the treatment planning image [6, 16, 17] (planar
slicing), while others define them orthogonal to the ROI's central-axis path [12, 18, 19|
(non-coplanar slicing), arguing that this better represents ROIs with irregular curvatures.
Sampling resolutions and unwrapping approaches can also be disparate. For example,
reported rectum DSM resolutions vary from 21 x 21 [6] to 120 x 200 [20] pixels with
minimal justification as to why. This issue is further compounded by inconsistent
methodological reporting, as not all groups provide sufficient information on their sampling
or unwrapping approaches for their work to be reproducible. The lack of consensus, paired
with a lack of code and data-sharing within the broader community makes it challenging to
replicate and validate earlier findings.

In this work, we present a technical description of a new open-source software package
that we have developed for DSM calculations called rtdsm. To the best of our knowledge,
our package is the first open-source DSM software that is highly customizable and capable
of implementing both slicing methods, as well providing functionalities for dose
accumulation, equivalent dose conversions, and DSM feature extraction. As such, we
believe it offers the potential to reduce software development barriers for DSM
implementation and provides a referenceable calculation framework to facilitate

reproducibility and consistent DSM reporting.

3.4 Methods

3.4.1 Planning Phase

In order to inform the development of rtdsm, we conducted a literature review [21] of the
DSM literature and used it to guide our design considerations and identify the needs of

the community. The Pubmed and Google Scholar databases were queried using the phrase
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"”dose surface map*”’ to identify English language articles published between 2000 and
2021. The references sections of relevant identified articles were also used to identify further
relevant papers. Only papers that included a description of the DSM calculation process
were included in the final list, which consisted of 30 publications [5, 6, 9-20, 22-37]. The
contents of each paper were read in detail to identify the methodology and parameters used
for DSM calculation, and if the authors had made their code publically available. This was
followed by a search for dose-surface mapping software packages using the Google search
engine and on the GitHub and pypi online code repositories. An overview of the review’s
findings is presented in Table S-1.

Our review found just a single open-source package for non-coplanar DSM calculation
(which was not mentioned in its associated journal article) [19] and nothing for planar DSMs.
Furthermore, the code bases described in the literature were each restricted to single slicing
approaches [6, 18, 19], limiting calculation flexibility. Based on these limitations and the
commonalities in the calculation and analysis methodologies identified during the review, we

determined that rtdsm must:

1. Be open-source to help reduce software development barriers and facilitate standards.

2. Support planar and non-coplanar slicing methods to facilitate the most

appropriate DSM calculation strategy for each ROI.

3. Permit customizable slicing and sampling resolutions to allow for reproduction

of previous and future studies.

4. Calculate and report common DSM features for use in clinical decision-making

and dose-outcomes research.

5. Be modularly designed to enable easy implementation of alternative or improved

calculation methods in the future.

We opted not to use the existing open-source package of Witztum et al. (2016,
https://github.com/bgeorge0/dsm) [19], which provides functionality solely for
non-coplanar DSM calculations as it is written for the Matlab platform (The MathWorks,
Inc., Natick, MA), and we desired a solution for both slicing methods and DSM analysis
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that would be fully accessible to the community with minimal cost overhead. After
considering the various programming language options available, we selected Python for
rtdsm due to its popularity, variety of libraries, and open-source nature. The Python
libraries utilized by rtdsm are listed in Table 3.1 The software is designed to be imported
and used like other python packages, and is available on  GitHub
(https://github.com/McGillMedPhys/rtdsm). Detailed documentation and tutorials on
software implementation are included with the repository in accordance with Python code
style standards. The remainder of the Methods therefore focuses on describing the process
used by rtdsm to calculate a DSM following the four key stages identified in the literature
(Fig 3.1).

Table 3.1: Python library dependencies of rtdsm.

’ Library \ Usage ‘

pyvista [38] Create and operate on 3D mesh objects
pydicom [39] | Read DICOM formatted data files
scikit-image [40] | Mesh generation, cluster analysis
scipy [41] Interpolation operations

3.4.2 Stage 1: Mesh Creation

ROI contour information is provided by way of a point-cloud stored in RTStructureSet
DICOM-RT format that is generated by the treatment planning system. Once read into
rtdsm, a surface mesh of the ROI is generated from its point-cloud using a smoothed marching
cubes algorithm [42]. While we also tested Delaunay triangulation [43], we found that it was
too sensitive to irregular point-cloud resolution and open surfaces and subsequently produced
inadequate meshes for commonly-studied ROIs.

In addition to generating the surface mesh, the point-cloud read-in process also calculates
the geometric central axis path (CAP) of the ROI using the centroids of the CT slices
delineated in the RTStructure file. Alternative user-created CAPs can also be swapped in

to replace the default geometric CAP.
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Figure 3.1: The four key stages of a typical dose-surface map generation workflow for an

organ at risk, as identified in our literature review and implemented in rtdsm.

3.4.3 Stage 2: Mesh Slicing

A series of slice origins are specified along the length of the CAP based on the preferred

slicing method for the DSM (planar or non-coplanar) and the preferred mapping along the
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vertical axis. Both 1:1 (where slices are spaced by a constant absolute distance) and scaled
mapping (where the number of slices remains constant and spacing adjusts accordingly) can
be used to define slice origins in rtdsm. As described below, slice planes are then defined at
each slice origin according to the chosen slicing method and the centroid of each mesh slice
is approximated using the method shown in Figure 3.2a. This approximated slice centroid is
used as the starting point for equiangular ray-casting of a user-defined number of rays. The
intersection points of the rays with the surface mesh are then stored in a Python dictionary

and used in stage 3 to sample the dose (dose sampling points).

Planar Slicing

Planar slicing is conducted by defining equally-spaced parallel slice planes along a single
linear axis of the ROI [6, 16, 24], the orientations of which are set using a user-specified slice
normal vector. If a user-specified slice normal is not provided, rtdsm creates axial planes by

default.

Non-coplanar Slicing

Unlike planar slicing, non-coplanar slicing uses slice planes that are each individually
orthogonal to the ROI's CAP. Each of these slice planes are defined by a tangent vector to
the CAP at the slice origin point, which is determined using the preceding and succeeding
points and the CAP’s gradient (Fig 3.2b). Because of these slice planes, the non-coplanar
slices may overlap with one another, requiring additional steps for overlap detection and
correction. To facilitate these additional steps, our implementation of non-coplanar slicing
begins by defining “control slices” along the CAP. A control slice is a slice at the start, end,
or a point of direction change along the CAP where overlapping slices are more common.
They serve to quickly identify slice planes that are angled such that they exit the mesh or
overlap many other slice planes, thereby simplifying the level of slice corrections needed.
Once the control slices are created, the code checks the proposed slices in ascending order
for overlaps with the closest control slices and the preceding neighbouring slice. If no
overlap is found, the proposed slice is retained, otherwise it is flagged for adjustment. This

approach, paired with the selected slice adjustment methodology, removes the need to
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iteratively check all slices for collisions.
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Figure 3.2: Visual explanations of specific operations performed during planar and non-
coplanar mesh slicing. (a) Two-step ray-casting approach to acquire dose sampling points
used by both slicing methods. (b) Calculation of CAP tangent vectors to define planes for

non-coplanar slicing. (c¢) Correction method to resolve overlapping non-coplanar slices.
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Slice adjustments are performed following the methodology of Witztum et al [19]. To
briefly summarise, adjacent flagged slices are grouped together with the two non-flagged
slices that sandwich them (Fig 3.2c). Matching angular vertices of the sandwiching slices are
connected with one another and the connecting lines are segmented at N equidistant points,
where N is equal to the number of flagged slices between them. Corresponding segmentation
points are then used to define new non-overlapping sampling planes for the flagged slices,

and ray-casting of the dose sampling points proceeds as normal.

3.4.4 Stages 3 and 4: Dose Sampling and Unwrapping

As is the case for contour data input, rtdsm accepts DICOM-RT files with dose information.
Dose matrices are read in from RTDose files and are used to sample dose by means of linear
interpolation at the dose sampling points identified during mesh slicing. The cutting open
and unwrapping of the DSM is straightforward due to the way in which rtdsm defines dose
sampling points. This is because the ray-casting process defines rays in clockwise order
using a slice-specific orthonormal basis, wherein the j axis (along which the first ray is cast)
is always defined to point to the ROI’s posterior wall, regardless of slice orientation. If

needed, post-processing can be performed on the output DSM to change the cutpoint.

3.4.5 Post-processing Functionalities

Cluster and ellipse-based spatial dose features are calculated by finding the largest contiguous
cluster of DSM pixels above a given dose level and fitting an ellipse to them [6, 16, 20, 32].
Table 3.2 outlines the features developed by Buettner et al. and Moulton et al. that rtdsm
supports. Additionally, we included support for equivalent dose (EQD) conversion [44] and
DSM aggregation (addition, subtraction, and averaging) to facilitate common analysis and

visualization strategies.
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Table 3.2: Spatial dose features supported by rtdsm.

Feature Definition

Cluster Area The percent area of the DSM covered by the cluster.

Cluster Centroid The center of mass of the cluster. Provided in units of
array indices and percent of the lateral and longitudinal
spans.

Cluster Lateral Extent The percent of the lateral span of the DSM covered by
the cluster.

Cluster Longitudinal Extent The percent of the longitudinal span of the DSM covered
by the cluster.

Ellipse Area The percent area of the DSM covered by the ellipse.

Ellipse Angle The rotation of the ellipse, in radians.

Ellipse Eccentricity The eccentricity of the ellipse.

Ellipse Lateral projection The percent of the lateral span of the DSM covered by
a projection of the ellipse’s lateral axis onto the DSM’s
lateral axis.

Ellipse Longitudinal projection The percent of the longitudinal span of the DSM covered
by a projection of the ellipse’s longitudinal axis onto the
DSM’s longitudinal axis.

3.5 Results

3.5.1 Dose-Surface Maps

The performance and capabilities of rtdsm were tested using using retrospective data from
36.25 Gy in 5 fraction VMAT plans created in Eclipse (Varian Medical Systems, Palo Alto,
CA). 40 planar and non-coplanar rectum DSMs were calculated using 3 mm stepsize 1:1
vertical mapping, with 45 points per slice. On average, calculation of the planar DSMs took
2.8 minutes (=~ 4.2 sec/DSM) and 5.7 minutes (=~ 8.5 sec/DSM) for non-coplanar on an
Intel® Xeon® CPU X3440 (2.53 GHz) with 4 GB of RAM. Figure 3.3 shows the rectum
DSMs obtained for several patients and illustrates how rectum shape and slicing choice
influence the final DSM. For ROIs with CAPs that closely follow the longitudinal axis of the
contoured image, the planar and non-coplanar slices are similar, resulting in similar DSMs.
However, if the CAP significantly traverses anteriorly-posteriorly or left-right, the slices and

subsequent DSMs are quite different. As seen in Figure 3.3, the orientation of planar slices
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in these example cases leads to the inclusion of more anterior points that lie in the high-dose

region, increasing the size of the hotspot relative to the non-coplanar DSM.

3.5.2 DSM Conversions and Combinations

In many studies it can be beneficial to combine multiple DSMs in order to visually compare
patient cohorts. rtdsm’s DSM combination function provides a built-in method to do this,
under the assumption all DSMs are aligned at the first (inferior-most) slice and use the same
vertical sampling approach. As an example of its possible use cases, non-coplanar rectum
DSMs were calculated using scaled vertical mapping to produce normalized 30 x 30 pixel
DSMs for two cohorts of ten prostate cancer patients each, who were either prescribed 60
Gy in 20 fractions (hypofractionated IMRT) or 36.25 Gy in 5 fractions (SBRT). Figure 3.4
shows the average DSM for each cohort, as well as their difference calculated by rtdsm.

In order to properly compare them, the DSMs were converted to EQD2 Gy using rtdsm’s
built-in conversion function with an «/f ratio of 2.3 [9]. Through the comparison it is
made apparent that the SBRT treatment regularly delivers doses exceeding 80 Gy to a small
anterior region of the rectum (mean area: 4.8%), whereas this is less common for the IMRT
treatment (mean area: 0.7%). However, the IMRT treatment delivers doses of > 40 Gy to
noticeably larger portions of the rectum than SBRT treatment (32.5% vs. 15.7%).

3.5.3 Spatial Features

A quantitative comparison of the example cohorts from the previous section was conducted
by calculating spatial features for 15, 30, 45, 60, and 75 Gy clusters using the EQD2 Gy
converted DSMs (Fig 3.5). As noted visually, the IMRT treatment (red points) delivered
dose to systematically larger areas of the rectum than the SBRT treatment (blue points),
which is also apparent from the DVH and the area-based features. However, spatial features
also revealed that the investigated dose levels spanned systematically larger longitudinal
proportions of the rectum in the IMRT group than the SBRT group for all dose levels,
but only for those levels below 60 Gy when examining lateral span. These patterns may be

relevant to differences in outcomes between the two groups and are not immediately apparent
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Figure 3.3: Planar DSMs (left), non-coplanar DSMs (centre), and the slices of the ROI
used to construct the DSMs (right) of four example patients (units: Gy). Individual vertical
axes are used for each DSM in order to illustrate how choice of slicing method influences
sampling path length and DSM shape. In the right column, planar slices are shown in pale

red and non-coplanar slices in dark blue. For clarity, only every second slice is shown.

based on volume or area information alone, thus highlighting the value of the spatial-dose
features. Features calculated from planar DSMs are shown in Figure S-2 for interested

readers.
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Figure 3.4: Average dose-surface maps for the IMRT and SBRT cohorts (10 patients each),
before and after EQD2 Gy conversion, in units of Gy. Difference maps are also shown with

contours indicating specific dose thresholds.

3.6 Discussion

We have presented a technical overview of a new open-source package for DSM calculation
that we have developed called rtdsm. Using retrospective data, we have demonstrated
rtdsm’s ability to calculate planar and non-coplanar DSMs, combine and convert cohort
data, and extract common spatial-dose features to enable users to perform standard

DSM-based studies.

DSMs have been used in dose-outcome research since the early 2000s, but calculation
tools have largely remained as custom in-house developments with little exchange between
groups. For example, from our reading of the author lists, it appears that most rectal DSM
papers using the more complex non-coplanar approach include an author or associate of the
original 2004 method paper by Hoogeman et al [11, 12, 18, 33, 34]. Non-associated groups
appear to have largely opted to use the simpler-to-develop planar approach, despite non-
coplanar DSMs being arguably a more appropriate representation of the rectum structure.

rtdsm is the first DSM codebase, to our knowledge, to support both calculation methods
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Figure 3.5: Boxplots of the dose features of the IMRT and SBRT cohorts, converted to
EQD2 Gy: (a) percent volume (from DVHs), (b) percent area (from DSMs), (c) lateral
projection (from DSMs), and (d) longitudinal projection (from DSMs).

that is also an open-source release, inline with our goal to remove the large development

barrier to the non-coplanar approach and increasing its accessibility to more researchers.

In addition to removing programming barriers, the accessibility of rtdsm has the potential

to improve DSM reproducibility between groups, which is becoming an area of concern as the
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methodology gains in popularity. Mylona et al. [35] recently reported poor reproducibility of
toxicity-predictive subregions from bladder DSMs of prostate patients when comparing their
results to three other studies. Despite similar DSM construction and analysis approaches, it
appears variations in vertical mapping methods between groups (scaled mapping by Mylona,
1:1 mapping truncated at 25 or 45 mm by others [5, 13, 36]) influenced the reproducibility of
results. Similar reproducibility issues may also exist for rectal DSMs, especially considering
the greater diversity of slicing methods, vertical mapping schemes, and analysis approaches
used by different researchers. The result of Mylona’s study is an important example of how
the results of DSM analyses depend on the calculation methods used and how the lack of
methodological standardisation over the past two decades may be impeding confirmation
of important results. We present rtdsm as an accessible open-source package and as an
opportunity to begin the discussion around DSM standardization. It is designed to be a
software with which research groups can easily test the methods and findings of each other

by applying custom settings.

rtdsm is published at github.com and will continue to be updated and built upon as the
needs of the DSM field evolve, either by its original developers or by new contributors who
are welcome to support the project. For example, we have already identified different CAP-
generating approaches, such as the racecar [45] or electric field path [22] methods, as areas
for potential future improvement, along with implementation of more advanced unwrapping
approaches [19]. Support for additional analysis approaches akin to the significance testing
popularised by Chen et al. [46] are other areas of active development. While a potential
limitation of the current version rtdsm is that testing has largely focused on rectum structures
to date, further generalizability tests using other organs are planned. Further investigations
into additional uses of rtdsm are also of interest, including the creation of surface maps from
other 3D medical data like PET or ECG images, as well as the extraction of “dosiomic”

features from DSMs [47].
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3.7 Conclusions

We have presented a technical overview of rtdsm, a new software for the calculation and
evaluation of dose-surface maps. rtdsm is a python package that works by computing the
dose to the surface of a 3D contoured object and unwrapping it to a 2D map according to user
specifications. It is highly flexible and extensible with sufficiently small calculation times
to facilitate analysis of large datasets. The results presented in this work demonstrate how
rtdsm can be used to (1) create multiple types of DSMs, (2) calculate DSM features, and (3)
evaluate spatial-dose variations between cohorts. rtdsm has been made publicly accessible
through GitHub (https://github.com/McGillMedPhys/rtdsm) with detailed examples and

documentation and can be freely used or contributed to by any user.
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Table S-1: Overview of DSM methods published in the literature

Organ | Software Centerline Slice Points on Slice Samples
Citation Studied Used DSM style type Determination slices Cut location Spacing per slice
Custom spline fit to n |Electric field
1 |Wang et al. Colon IDL code |Non-planar |points model Equi-angular |Unspecified unclear unclear
Hoogeman et Orthogonal to Posterior to
2 |al Rectum unclear [Non-planar [Central axis [centerline Equi-distant [slicewise COM |3.5 mm 50
Biomechanic
al From FE From FE From FE
3 |Meijer etal. [Rectum unclear |model-based [modeling modeling modeling unclear unclear unclear
Heemsberge Orthogonal to Posterior to
4 |netal Anorectum |unclear |Non-planar [Central axis [centerline Equi-distant |slicewise COM |5 mm unclear
Parallel,
double the 1.5 mm (half
slicewise slices from CT Posterior-most  [the slice
5 |Tucker etal. |[Rectum unclear [Planar centroid image Equi-angular |per slice thickness) 72
6 |[van Lin et al. |Rectum Unclear. May have replicated methods of Tucker et al. based on use of in-text citations
Munbodh et From FE From FE From FE
7 |al Rectum unclear [Non-planar |modeling modeling modeling Custom method |unclear unclear
Buettner et
8 |al
Buettner et
9 |al
Buettner et Slicewise Posterior-most
10 |al. Rectum unclear [Planar centroid On CT slices  |Equi-distant |per slice 5 mm 21
Slice
Slicewise Posterior-most  [thickness
11 |Murray* et al. |Rectum unclear [Planar centroid On CT slices  |Equi-distant |per slice (unspecified) 21
Slicewise Posterior to Slice
12 [Scaife etal. |Rectum MATLAB [Planar centroid On CT slices  |Equi-distant [slicewise COM [thickness 21




(unspecified)

Orthogonal to

centerline Unspecified Normalized
13 (Wortel et al. |Anorectum [unclear |Non-planar |Central axis [(#:50) unclear “posterior” point [to 50 slices 45
Duodenum |MATLAB "racecar Orthogonal to
, (public on path" central |centerline (#: Custom method [Normalized
14 |Witztum et al. |[Esophagus [Github) |Non-planar |axis 200) Equi-angular [for duodenum to 200 slices |30
Parallel, not on
Slicewise CT slices (max Anterior to global
15 |Palorini et al. |Bladder VODCA |Planar centroid 25) unclear COM 1 mm unclear
On CT slices Slice
MATLAB Slicewise (but then Posterior to thickness
16 [Moulton et al. |Rectum + CERR [Planar centroid normalized) Equi-angular [slicewise COM |(unspecified) 45
Equi-distant Slice
Casares-Mag Slicewise for 8 Posterior to thickness
17 |az et al. Rectum unclear [Planar centroid On CT slices |subregions slicewise COM  [(unspecified) 200
MATLAB? Slicewise Posterior to
18 |Shelley et al. |[Rectum (unclear) [Planar centroid On CT slices |equi-distant [slicewise COM |3 mm unclear
Posterior to
19 |Onjukka et al. |Anorectum [VODCA |unclear unclear unclear unclear global COM unclear 200
Slice
Vanneste et slicewise Posterior-most  [thickness
20 |al. Anorectum |unclear |Planar centroid On CT slices |equi-angular |per slice (unspecified) 100
Reijtenbagh Orthogonal to Unspecified
21 |etal. Rectum unclear [Non-planar [Central axis [centerline equi-distant  |“posterior” point |unclear unclear
equi-distant
"fanned path" [Orthogonal to |[for 3 Anterior to
22 |Serban et al. |Vagina MATLAB [Non-planar [central axis [centerline subregions slicewise COM unclear 360
Parallel, not on
McWilliam et Slicewise CT slices (#: Anterior to global |Normalized
23 |al. Heart unclear |Planar centroid 50) equiangular |COM to 50 slices 360




Heemsberge Orthogonal to Normalized
24 |netal Rectum unclear [Non-planar [Central axis [centerline equiangular [unclear to 100 slices 90
Equi-distant |Posterior-most
25 |Chen** etal. [Rectum unclear [unclear unclear unclear (1 mm) per slice 1 mm variable
Abaqus + From FE From FE From FE Posterior to Normalized
26 |Shelley et al. [Rectum MATLAB [Non-planar |modeling modeling modeling slicewise COM [to 80 slices 30
Parallel, not on Normalized
CT slices Anterior to global |to set #
27 |Mylona et al. |Bladder VODCA |Planar unclear (unspec. #) unclear COM slices unclear
Parallel, not on
slicewise CT slices (max Anterior to global
28 |Yahya et al. |Bladder unclear [Planar centroid 45) unclear COM 1 mm 201
Parallel, not on
Slicewise CT slices (max Anterior to global
29 |Improta et al. |Bladder VODCA |Planar centroid 25) unclear COM 1 mm unclear
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30 |Dankers et al. |Esophagus |unclear [Planar centroid On CT slices |equiangular |“posterior” point |3 mm 360

* Conference abstract
** Description of DSM calculation methods provided as supplementary material instead of in paper body
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Figure S-2: DSM features derived from Planar and Non-coplanar DSMs
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Figure S-2: Boxplots of the dose features of the IMRT (red) and SBRT
(blue) cohorts, converted to EQD2 Gy. Results for non-coplanar DSMs (as
seen in the paper body) are shown on the left and results for planar DSMs

(new) shown on the right.
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Methods
Patient Datasets
- 20 patients prescribed 60 Gy in 20 fractions (IMRT)
- 20 patients prescribed 36.25 Gy in 5 fractions (SBRT)

Rectal DSM and DSM Feature Calculation

- DSMs were calculated twice: once with the planar and
once with the non-coplanar method

- All DSMs were calculated using scaled vertical
mapping (hnumber of slices held constant between pts)

- Each DSM was composed of 30 slices sampled at 30
equiangular points (30x30 maps)

- DSMs were converted to EQDZ2;, using a/f = 2.3

- Features were calculated using rtdsm’s
cluster_features function
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Chapter 4

More than one way to skin a dose
volume: the impact of dose-surface
map calculation approach on study

reproducibility

Haley M Patrick and John Kildea

Manuscript submitted to Physics in Medicine € Biology.

4.1 Preface

In chapter 3, the construction of a flexible DSM-calculation software package was
described. Here we use this package to examine consistency between DSMs calculated in
different manners. Many previous studies have used a variety of different DSM calculation
techniques to identify statistically significant spatial dose patterns predictive of various
radiation toxicities, especially for the rectum and bladder. However, their findings are
highly variable and few predictive spatial dose patterns have been reproduced between
different research groups. Understanding the reason for this lack of reproducibility and its

relation to DSM calculation technique is important to determine if standardization may be
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required for this research field.

Here we quantitatively compare rectum and bladder DSMs produced using different
calculation techniques to determine the role of calculation technique in study
reproducibility. First, we directly compared DSMs produced by different techniques using a
self-developed paired implementation of the popular multiple-comparisons permutation test
used in DSM research [1]. Second, we evaluated the equivalence of DSM features calculated
for the different DSMs. Finally, we assessed the stability of cohort comparison results to
DSM calculation technique to determine whether choice of technique can influence the
results of a DSM study. The results of our analysis show that DSM calculation technique
can significantly impact the information presented in a DSM. This finding indicates that
inter-researcher calculation variations are likely contributing to the limited reproducibility

in the field and confirm that discussions on standardization efforts are warranted.

4.2 Abstract

Objective: Dose-surface maps (DSMs) provide spatial representations of the radiation dose
to organ surfaces during radiotherapy and are a valuable tool for identifying dose deposition
patterns that are predictive of radiation toxicities. Over the years, many different DSM
calculation approaches have been introduced and used in dose-outcome studies. However,
little consideration has been given to how these calculation approaches may be impacting the
reproducibility of studies in the field. Therefore, we conducted an investigation to determine
the level of equivalence of DSMs calculated with different approaches and their subsequent
impact on study results.

Approach: Bladder and rectum DSMs were calculated for 20 prostate radiotherapy
patients using combinations of the most common slice orientation and spacing styles in
the literature. Equivalence of differently calculated DSMs was evaluated using pixel-wise
comparisons and DSM features (rectum only). Finally, mock cohort comparison studies were
conducted with DSMs calculated using each approach to determine the level of dosimetric
study reproducibility between calculation approaches.

Main Results: We found that rectum DSMs calculated using the planar and
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non-coplanar orientation styles were non-equivalent in the posterior rectal region and that
equivalence of DSMs calculated with different slice spacing styles was conditional on the
choice of inter-slice distance used. DSM features were highly sensitive to choice of slice
orientation style and DSM sampling resolution. Finally, while general result trends were
consistent between the comparison studies performed using different DSMs, statisitically
significant subregions and features could vary greatly in position and magnitude.
Significance: We have determined that DSMs calculated with different calculation
approaches are frequently non-equivalent and can lead to differing conclusions between
studies performed using the same dataset. We recommend that the DSM research

community work to establish consensus calculation approaches to ensure reproducibility

within the field.

4.3 Introduction

Proper understanding of the dose-outcome responses of normal tissues is essential in order
to be able to design radiotherapy treatment plans that minimize the likelihood of radiation
toxicity. Traditionally, dose-volume histograms (DVHs) have been the primary tool used
to derive dose-outcome relationships and dosimetric constraints for organs at risk (OARs)
in radiotherapy research studies. These constraints may end up used in clinical practice to
guide and evaluate the quality of individual treatment plans [2, 3]. However, DVH-based
dose-outcome models lack spatial information and assume OARs have homogenous radiation
sensitivities, potentially masking the existence of important radiosensitive subregions [4, 5].
Therefore, for certain OARs, alternative dose-outcome analysis tools are of interest to the
radiation oncology community.

One alternative to the DVH that preserves spatial information is the dose-surface map
(DSM): a 2D projection of the dose to an organ’s 3D surface. DSMs have mainly been used to
study dose to the rectum and bladder [6-8], though several studies have also been published
for other hollow organs such as the vagina, esophagus, duodenum, and heart [9-11]. To date,
DSMs have been used to identify spatial dose features and organ subregions predictive of

early and late toxicities. In some cases, DSMs have been shown to be more predictive of
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radiation toxicities than DVHs [4, 8, 12, 13].

Although promising as a dosimetric tool, it is important to note that the published
methods of calculation and analysis of DSMs are much more diverse than is the case for
DVHs. While nearly all DSMs are created by (1) defining slices of the organ of interest, (2)
defining points around the surface of each slice to sample dose at, and (3) cutting open and
unfurling the surface to create a 2D dose map, individual DSM implementations may use
different approaches for each step. For instance, the DSM slices may all be oriented parallel
to those of the treatment planning image (planar slicing) [6, 7, 14] or individually angled such
that each slice is orthogonal to the organ’s central axis path (non-coplanar slicing) [15, 16].
Slices may also be separated using a set spacing for all patients (fixed spacing) [8], or with
different spacing for each patient to ensure all DSMs contain the same number of slices (scaled
spacing) [6, 13]. Analysis techniques are similarly diverse, with different groups comparing
DSMs either in a pixel-wise manner or based on features. This diversity of calculation and
analysis approaches can make it difficult to compare results between research studies and
may be impacting the reproducibility of results in the field.

To date, the only DSM-based toxicity metrics that have been reproduced in the
literature have been for late rectal bleeding [6, 17, 18] and late bladder dysuria [13, 19],
despite many unconfirmed reports of other predictive metrics. Although cohort effects may
play a role in the lack of reproducibility across studies, it is possible that variations in DSM
calculation approaches may also be responsible. Determining the influence of calculation
approaches on DSM-based findings is important, not only to help facilitate the
consolidation of findings across DSM studies to firmly establish spatially-informed
dosimetric constraints, but also to determine how dependent the clinical validity of these
constraints is on the level of concordance between the DSM calculation approaches used in
the clinic and in the research that was used to derive the constraints in the first place.
With this in mind, the purpose of the present study was to determine the impact of DSM
calculation approach on DSM topography and analysis for bladder and rectum structures.

Specifically, we aimed to determine if:

1. Choice of slice orientation style has a statistically significant effect on DSM topography

and features (rectum only);
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2. Choice of slice spacing style has a statistically significant effect on DSM topography

and features (rectum and bladder);

3. Choice of DSM -calculation approach impacts the conclusions one draws when
comparing the average DSMs of two different cohorts of patients to one another

(rectum and bladder).

4.4 Methods

4.4.1 Patient Cohort

To evaluate the effect of DSM calculation methodology on DSM topology, our analyses for
aims #1 and #2 were conducted at a population level, using a benchmark cohort of patients
(to represent a retrospective research study), and at an individual representative patient
level (to represent a single clinical case). The treatment plans of 20 moderate-risk prostate
cancer patients treated at our centre between 2016 and 2017 were used as our retrospective
patient cohort. One patient from the cohort with a rectum of median length was chosen
as the representative patient. Simulation CT images, acquired on a Philips Big Bore CT
scanner using a 3.0 mm slice thickness, were contoured according to RTOG guidelines for
the male pelvis [20]. All patients were prescribed 60 Gy in 20 fractions to the prostate alone,
plus 7.0 mm isotropic PTV margins, using a two-arc VMAT approach. Plans were generated
in the Eclipse treatment planning system (Varian Medical Systems, Palo Alto, CA) using

previously-published treatment-planning constraints [21].

In order to facilitate the investigation of aim #3, a second comparison cohort was
artificially created by calculating new dose distributions for each patient using 5.0 mm
isotropic PTV margins. This yielded a paired cohort with predictable dose distribution
differences from the benchmark cohort, making for easy assessment of how the comparison

of two cohorts is affected by DSM calculation approach.
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Figure 4.1: Visualization of all DSM calculation approaches and comparisons used in this
work for (a) rectum and (b) bladder structures. Individual comparisons are indicated with
capital letters and colors that are consistent across all figures in this article. Examples of

typical bladder and rectum DSMs and how to interpret them are shown in (c).
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4.4.2 DSM Calculation Workflow

As stated in the introduction, the two aspects of DSM calculation approach examined in
this study were choice of slice orientation (planar or non-coplanar) and choice of slice
spacing (scaled or fixed). Rectum DSMs were calculated using all four possible
combinations of these aspects (Fig 4.1a), whereas bladder DSMs were calculated with
planar slice orientation only and the two different slice spacing approaches (Fig 4.1b). This
allowed us to reproduce the breadth of calculation approaches present in current DSM
literature. All DSM calculations were performed using rtdsm, an open-source Python
package previously developed and published by our research group for straightforward and
accessible DSM calculation and analysis [22]. rtdsm can calculate planar or non-coplanar
DSMs using the standard RT-Structure and RT-Dose files from a DICOM-RT-compliant
radiotherapy treatment planning system as input. For the calculation of fixed-spacing
DSMs, a slice separation of 3.0 mm (CT slice thickness) was used, whereas scaled-spacing
DSMs fixed the total number of slices to the median number of CT slices (ngcqes) the organ
spanned for all patients in the cohort (ngees = 35 for rectum, ng;.s = 25 for bladder).
When unfurling the surface doses to form the DSMs, rectum DSMs were cut open on the
posterior side, and bladder DSMs on the anterior. These cut locations are typical in DSM
research as they allow for the anticipated dose hotspots of these organs to be centered in
their DSMs (Fig 4.1c¢). All DSMs used a sampling resolution of 45 equiangular points per

slice.

4.4.3 DSM Analysis Technique

The average DSM of the benchmark cohort and the representative patient’s DSM for each
calculation approach were calculated and compared between approaches. To enable direct
visual comparison of the effects of DSM calculation approach, dose difference maps
(DDMs) were calculated for each comparison shown in Figure 4.1 by subtracting the
comparator DSMs. Because the DSMs in the benchmark cohort did not all contain the
same number of slices when using fixed slicing, the average DSMs and DDMs in the

population-level comparisons were truncated to the height of the shortest DSM in the
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cohort. Differences between DSMs owing to the different calculation approaches were
quantified in two ways: (1) using pixel-wise comparisons through multiple comparisons
permutation (MCP) testing, which is a commonly-used method to compare dose maps, and
(2) using feature-based comparisons, as is popular for rectum DSMs. This dual analysis
was performed in order to make findings easily translatable to the existing body of

literature.

Pizel-wise comparison has been used in both bladder and rectum DSM research to identify
subregions of either organ where statistically-meaningful differences in dose exist between
two cohorts. While pixel-wise DSM comparisons are possible with pixel-wise t-tests and can
be used to identify general areas where dose differences exist, it is good practice to apply
a correction for multiple comparisons, such as with MCP testing, to reduce sensitivity to
false positives [1]. The standard MCP test determines the similarity of two unpaired image-
type datasets of the same anatomy and identifies pixels that vary significantly between the
datasets while accounting for pixel-wise variance. As the datasets in our study were paired,
we developed a paired implementation of the MCP test by modifying the permutation process

to keep the labels of data pairs linked. Full details are provided in Supplement A.

Feature-based comparison is an analysis technique used to identify statistically-meaningful
differences in isodose cluster characteristics that was developed for rectum DSMs [6, 14].
Features are derived by first creating a mask of a cluster of pixels for a given dose level and
then extracting size, position, and shape metrics from either the mask itself or from an ellipse
fitted to it, as initially performed by Buettner et al [6]. For this study, we opted to calculate
the five most common features that have been reported in the literature: cluster area, cluster
lateral and longitudinal extent, and ellipse lateral and longitudinal extent (Fig 4.2) for four
dose levels: 15, 35, 45, and 55 Gy. These dose levels were selected as they covered the
full dose range of our data, and they matched the dose levels of toxicity-predictive features
reported in other 2 Gy-per-fraction (or equivalent) studies [6, 14, 23]. Once calculated, we

compared features between the cohorts using Wilcoxon signed-rank testing.

Statistical significance for both types of analysis was defined as p < 0.05. A Bonferroni
correction of 4.0 was applied when comparing pairs of rectum DSM features to reduce false

positives. In addition to comparing DSMs between calculation approaches for the same
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Figure 4.2: Visualization of the DSM features used in this work, calculated as originally
defined in the literature [6, 14]. As is convention, each feature is reported as a percentage of
either the total area or total dimensional extent (lateral or longitudinal) of the DSM used

to calculate it.

cohort, the analysis was also employed to compare average DSMs between the benchmark
cohort and the artificially-generated comparison cohort (7.0 mm versus 5.0 mm PTV
margins) for each of the DSM calculation approaches investigated. For each calculation
approach, the average DSMs of the two cohorts were compared to assess how DSM
calculation approach affects the ability to examine dosimetric differences between distinct

cohorts.

4.5 Results

4.5.1 Influence of Calculation Approach on Pixel-wise

Comparisons
Aim 1: Influence of Slice Orientation Style

Side-by-side comparisons of the average rectum DSMs of the benchmark cohort produced
using non-coplanar and planar slicing are shown in the first two rows of Figure 4.3.

Differences in the shapes of the 35, 45 and 55 Gy isodose clusters are qualitatively
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observable between the two slice orientation styles (first column compared to second
column), illustrating the influence of slice angling on DSMs. When scaled spacing is used
(i.e. constant number of slices, row A, purple), the two DSM styles disagree significantly on
dose to the posterior-inferior wall as shown in the corresponding DDMs and p-value maps.
Similarly, significant disagreement is also observed when using fixed spacing (row B,
magenta), only this time it occurs over a much larger area of the superior-posterior wall. In
both cases, as indicated by the DDMs, the disagreement appears to be caused by the
non-coplanar DSMs measuring higher doses than their planar counterparts.

Similar patterns of disagreement are observable in the DSMs of the representative
patient (Fig 4.4) and provide further insight into probable underlying causes. There is a
clear fundamental difference in the shape of the moderate (35 Gy) and high dose (55 Gy)
regions between the non-coplanar and planar slicing methods (first column compared to
second column in Figures 4.3 and 4.4), which is likely related to slice angling and may
explain the inferior differences. However, in the case of fixed spacing, an additional factor
is introduced: difference in DSM length (i.e. number of slices) between the non-coplanar
and planar calculation methods. The longer sampling path of the non-coplanar method
requires more slices than the planar, stretching out the DSM and effectively
desynchronizing information between the two styles the more superior in the DSM we go
from the common inferior-most starting point. This may explain the difference between the

non-coplanar and planar DSMs at the superior end when fixed spacing is used.

Aim 2: Influence of Slice Spacing Style

Comparisons of rectum DSMs created with fixed and scaled spacing are presented in columns
C (orange) and D (yellow) of Figure 4.3, as well as for the representative patient in Figure
4.4. Corresponding DDMs (scaled minus fixed) and p-value maps are found in the rows
beneath. Overall, slice spacing style has much less of an effect on rectum DSM topography
than slice orientation style as evidenced by the lack of significant regions in the p-value maps.
For the non-coplanar DSMs (column C, orange), the DDM suggests a shift or rescaling of
the DSM topography in the superior-inferior direction between the two spacing styles. This

rescaling effect is also visible in non-coplanar scaled-minus-fixed DDM of the representative



4.5. RESULTS

103

Non-Coplanar Planar Non-Coplanar - Planar
Mean DSM Mean DSM DDM p-value map
60 T+ 60 r
130 30 30 10 30 I— 0.001
% 40 (A) - 40 o - - 0.01
U El0 20 20 - 55 20 ’
© E [ - 0 - 0.05
Al 20 10 - 20 10 <oy 10 - 0.10
o L S 25 -10 - 0.50
0 0 0 Lo 0 - T T T 0 L
0 120 A240 360 0 120/ 240 360 0 120 240 360 0 120 240 360[P<0.001]
€ (D)
Mean DSM Mean DSM DDM p-value map
60 r
o EY 30 10 I- 0.001
Qo -

O El20 40 (B) ,, 001
(O] 0 - 0.05
= == -
X 20 L 0.10

iCe 10 10 :
n -10 - 0.50
0 0 0 L
0 120 240 360|P =0.001
DDM Mean Scaled Bladder DSM Mean Fixed Bladder DSM
60 - 60
5 30 30 10 20 20
Q
£ 20 20 - o 40 (E) 40
2 H
0 10 10 |
o2 10 10 4 20 2y
CUm -10 v
X o o4 r r : 0 ‘ 0 0 L o
"'I' 0 120 240 360 0 120 240 360
©
i) p-value map p-value map DDM p-value map
© I-
ﬁa 30 0.001 30 0.001 | 20 4 10 20 - 0.001
£ 0.01 0.01 I 0.01
5 20 20 ==
2 0.05 0.05 e 0 - 0.05
9 10 =5 10
g 10 010 | 4 0.10 - 0.10
o 0.50 0.50 -10 - 0.50
0 0 0 - T T T 0 =
0 120 240 360|P=0.021 0 120 240 360 |P =043 0 120 240 360

Angle (degrees) Angle (degrees)

Angle (degrees)

0 120 240 360(|p = 0.815
Angle (degrees)

Figure 4.3: Quantitative comparisons of DSM calculation approaches. Each comparison

is indicated as a row or column with its letter label and arrow from Figure 1, and a

correspondingly colored box. Each comparison box contains: the cohort-mean DSMs of the

two approaches being compared, their DDM, and the map of significantly different pixels

between the two as determined by MCP testing. All maps are shown in units of Gy except

for the MCP test result maps, which show p-values.



104

4. Impact of DSM calculation approach on reproducibility

—=Non-Coplanar Planar Non-Coplanar - Planar
Rectum NP-scaled Rectum P-scaled DDM
45 60 40
© 20
Dl 40 . e
= 5 =% Y 0
=2 (\ b
O g5 20 A
= = S —— -20
e
0 0 T T T T —40
(C)i (D)
Rectum NP-fixed DDM
45 60 40
g T 20
_—EL 40 e 5Ol
IE] S i) [ o
X - I~ - .
T8l 15 20 .
g e 0
0 0 T T T T —40
8 DDM DDM
45 40 40
pad
Ll__ —
g 5 ¥ 20 20
\ -
S -1Q-= -=
o3 5 ".—’ 0 0
(0] s IET= ‘~\: -
< A5 T -
SR s | | 20
wn
0 -1 T T T —40 T T —40
Bladder P-scaled Bladder P-fixed DDM
25 60 25 40
(T)E 20 40 20 20
%E 15 15 "
,ﬁ.\
Oy 10 20 10 <\;.-\-_\_0
0nFE| s 5 —20
0 0 0 - T T T —-40
0 120 240 360 0 120 240 360 0 120 240 360
Angle (degrees) Angle (degrees) Angle (degrees)

Figure 4.4: Comparisons of DSM calculation approaches for our representative patient.
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patient (Fig 4.4C), which also clearly demonstrates how fixed slice spacing requires more
slices to represent the entire rectum. Despite this clearly introducing a desynchronization
effect, similar to that between non-coplanar and planar fixed spacing DSMs, significant
disagreement is only found for two small patches of the superior rectum. Planar DSMs are
even less affected by choice of slice spacing style, as no significant sites of disagreement were
observed between the planar scaled and planar fixed DSMs. We note that, based on the
DDMs of the representative patient, this result may have occurred due to our choice to use
an nNgees for scaled DSMs that equaled the number of slices in our median rectum, causing
the median effective slice distance to be approximately equal to the fixed DSM spacing (3

In the case of bladder DSMs, those created with scaled spacing contain noticeably more
slices than those created with fixed spacing (Fig 4.3 and 4.4, box E), which can be
attributed to the need to truncate the fixed spacing DSMs to the height of the shortest
bladder in the cohort. Nevertheless, while the DDM suggests slice desynchronization akin
to the rectum DSMs, no significant disagreement was observed between the two DSM slice
spacing approaches across the slices they had in common. Once again, this is most likely
attributed to our choice of ng;es for scaled spacing being similar to the number of slices

required to construct a fixed spacing DSM for the average patient.

4.5.2 Influence of Calculation Approach on DSM Features (Aims
1 and 2)

DSM features were calculated and compared for rectum DSMs for all four calculation
approaches, and the results for the 15 and 55 Gy clusters are shown in Figure 4.5 (figures
of the 35 and 45 Gy clusters, and the representative patient are available in Supplement
B). Features differ between calculation approaches, particularly between the planar
(magenta) and non-coplanar (yellow) slicing styles. Longitudinal features are generally
larger for planar DSMs at higher dose levels (Fig 4.5c,e), consistent with the pixel-wise
findings when comparing planar and non-coplanar mean DSMs (Fig 4.3), whereas they are

larger for non-coplanar DSMs at the 15 Gy isodose level. Interestingly, this trend of
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features being larger for non-coplanar DSMs at low doses also extends to ellipse lateral
extent (Fig 4.5d). While pixel-wise comparisons of mean DSM isodose regions do not
suggest particularly notable differences in lateral spans between slice orientation
approaches (Fig 4.3), it is possible that choice of slice orientation approach subtly
influences the shape of the clusters and fitted ellipses used in feature-based analysis.

While scaled and fixed DSM features are generally in more agreement with one another
for a given slice orientation style, disagreements do occur for certain area and ellipse-based
features (Fig 4.5a,d,e). This is somewhat unexpected as DSM features are conventionally
reported as percentages and thereby should not disagree significantly when DSMs are only
effectively rescaled. As the primary difference between our scaled and fixed DSMs was
longitudinal sampling resolution (fixed: 3 mm, scaled: variable per patient), these results

may indicate that DSM features may not be stable between different sampling resolutions.

4.5.3 Influence of Calculation Approach on the Conclusions of a

Cohort Comparison (Aim 3)

Rectum and bladder doses were compared between the benchmark cohort with 7.0 mm
margins and the comparison cohort with 5.0 mm margins using DSMs calculated with all
calculation approach variants, and the consistency of the results was assessed across
approaches. As expected from the study design, the cohorts were found to be statistically
dissimilar using all styles of DSMs, but quantitative differences did exist between the
comparisons provided by the different approaches.

For rectum DSMs, the higher dose ring present in all DDMs (7.0 mm minus 5.0 mm
margins) changed in both shape and magnitude depending on calculation approach (Fig
4.6a-h). MCP testing p-value maps also indicated that the locations of statistically
significant subregions (SSRs) depended on DSM type (Fig 4.6a). Rectum DSM features
were relatively consistent between calculation approaches (Fig 57), with all four styles of
DSM generally agreeing on whether or not a feature differed significantly between the two
cohorts. However, feature magnitudes did differ between approaches, especially for the

longitudinal features. For example, the mean difference in the 15 Gy cluster longitudinal
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Figure 4.5: Mean DSM feature values (and standard uncertainty of the mean) from the four
rectum DSM calculation approaches. In order, they are (a) cluster area, (b) cluster lateral
extent, (c) cluster longitudinal extent, (d) ellipse lateral extent, and (e) ellipse longitudinal
extent. Significantly different pairs of features are indicated with a bracket and an asterisk.

Figures of the other dose levels are provided in the supplemental material.
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Figure 4.6: DDMs (left) and maps of significantly different pixels (right) between the
benchmark and comparison cohorts for each of the DSM calculation approaches tested. “P”

refers to planar slice orientations and “NP” to non-coplanar. DDMs are in units of Gy.
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Figure 4.7:

Mean differences in DSM feature values between the benchmark and

comparison cohorts for each of the four rectum DSM calculation approaches. FError bars

indicate 95% confidence intervals and statistically significant differences between the cohorts

are indicated with asterisks.
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extent for planar scaled DSMs was notably different in magnitude from the other DSM
approaches (Fig 4.7c). Similarly, there was reduced consistency in ellipse longitudinal
extent mean differences between DSM calculation approaches at the 55 Gy dose level (Fig
4.7e).

Bladder DSM findings were much less consistent between DSM styles when the two
artificially different cohorts were compared. DDMs show cold spots in the fixed spacing
comparison that are not present in the scaled spacing comparison (Fig 4.6i-1). While MCP
testing does identify significantly differing pixels in the right and left inferior bladder for
both DSM styles, the size and shape of these regions are different for the two calculation
approaches. Tests conducted with the fixed-spacing dataset also failed to identify the SSR
found by the scaled-spacing dataset in the superior bladder, likely a product of DSM
truncation (Fig 4.6j,1).

4.6 Discussion

DSM calculation approaches are diverse and can differ considerably between research
groups. Although all DSM research studies share the same general goal of identifying
dosimetric spatial factors that are predictive of radiation toxicities, little to no work has
been done to assess the reproducibility of these spatial factors between different DSM
calculation approaches. To the best of our knowledge, this paper is the first quantitative
investigation of analysis sensitivity to DSM calculation approach. We have identified that
significant disagreement between DSMs can occur when different calculation approaches
are used. In the discussion of our findings below, we refer to Figures 4.8 and 4.9, in which
we have attempted to graphically illustrate the influences of the DSM calculation

approaches we examined in this work.

4.6.1 Aim 1: Equivalence of planar and non-coplanar DSMs

Although they have existed side-by-side in the literature for nearly two decades, we found
that rectum DSMs calculated using planar and non-coplanar slicing approaches are non-

equivalent in two specific regions. Namely, the inferior-posterior wall when using scaled
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(a) Non-coplanar scaled vs. planar scaled
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Figure 4.8: Examples of how the choice of DSM calculation approach influences the slices of
the rectum (and subsequent appearance of the DSM) of the representative patient. Subfigures
cover each comparison made in this work. The 15, 35, and 55 Gy isodose regions are included
as purple, pink, and yellow overlays, respectively, for dosimetric context. Additionally, for
visual clarity, only every fourth slice is shown. Dashed lines are used to represent every 12th

slice to make visual comparisons of relative slice positions between slicing styles easier.
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slice spacing and the superior-posterior wall when using fixed spacing (Fig 4.3). These non-
equivalent regions stem from differences in sampling point locations introduced by the slicing
methods themselves, causing the same slice to sample dose in different locations between the
two approaches (as illustrated in Fig 4.8a-b). In general, one can expect that the less linear
a rectum’s path is the more its planar and non-coplanar DSMs will disagree. This would
suggest that although the rectum has sometimes been considered a relatively simple organ
that can be represented with planar slices [10], this cannot be assumed to be the case without
careful review of all rectum structures in a given cohort. For this reason, we recommend the
use of non-coplanar DSM slicing approaches where possible and to be aware and investigate

the influence of the planar approach on DSM topology before proceeding otherwise.

4.6.2 Aim 2: Equivalence of scaled and fixed slice spacing DSMs

In our testing, we found that scaled and fixed slice spacing approaches were roughly
equivalent to one another for our chosen comparison scenarios, wherein the fixed and
median effective scaled slice spacings were both approximately equal to 3 mm. As some
evidence of slice desynching was still observed between spacing approaches (Fig 4.3C,E),
we suspected that these results may be conditional on our choice of matching slice spacing
distances and could change if we used a different combination (Fig 4.8c-d). To demonstrate
the possible influence of this, Figure 4.9 shows what the results of a comparison of fixed
bladder DSMs (with a spacing of 3 mm) versus scaled bladder DSMs with 5 additional
slices (meaning a median effective slice spacing 2.5 mm instead of 3 mm) would be. As
shown, when effective slice spacing resolutions are not equal slice desynching is much
greater, causing the DSMs to be more dissimilar. Based on this apparent sensitivity, we
would heavily advise against direct comparisons of DSMs that use different slice spacing
resolutions and encourage relative, scaled comparisons instead. We note, however, that the
superior-inferior limits of DSMs should match when doing this in order to ensure

anatomical alignment is maintained.



4.6. DISCUSSION

113

Mean Scaled Bladder DSM

@ 3, 60
C
[
o
£ 20 40
o §
=z
-Gé 10 20
%)
0 T— 0
0 120 240 360
DDM
30
@ 10
Qo
S 20 o
g 10 L--JT0898 -
n

0 T T T
0 120 240 360
Angle (degrees)

Mean Scaled Bladder DSM

30 60

20 40

10 20

0 0
0 120 240 360
p-value map

30
0.001

20 0.01
0.05

10 0.10
0.50

0 120 240 360
Angle (degrees)

| #6
A —— P
— fixed _—
E—
scaled |

Figure 4.9:

Scaled slices are spaced closer to

2.5 mm than the 3 mm used by the

fixed slices, causing desynching

(a) Comparison of scaled bladder DSMs calculated with 30 scaled spacing
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shown for visual clarity, with every 12th slice represented with dashed lines.
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4.6.3 Aim 3: DSM Feature robustness again DSM calculation
method

Rectal DSM features were originally designed for planar DSMs and their specific patterns of
dose topography [6]. As such, it is not surprising that features calculated from non-coplanar
DSMs are non-equivalent to their planar counterparts (Fig 4.5). Due to their sampling
approach, non-coplanar DSMs have smaller high dose isodose clusters and less elliptical low
dose isodose clusters (Fig 4.4), impacting the calculation of ellipse-based features. For these
reasons, we recommend that DSM features continue to be calculated from planar DSMs
only to facilitate reproducibility. However, slice spacing approach must also be considered.
We observed significant differences between features calculated with fixed and scaled slice
spacing approaches, suggesting a possible resolution effect as well. This is concerning, as
DSM resolution is one of the most variable factors between studies. From what we have
observed in the literature, reported resolutions vary from 21 x 21 to 200 x 200 pixels [6, 23]
and can be achieved through either direct sampling [7, 8] or interpolation methods [14, 18, 24],
which may introduce their own effects. Because of this, we strongly recommend that new
feature-based studies choose DSM sampling resolutions that are consistent with the previous

studies they plan to compare to.

4.6.4 Relation to current state of reproducibility in the literature

To date, few studies in the DSM literature have agreed on what DSM information is
predictive of radiation toxicities. Most discussions focus more on general trends that
persist across studies, such as increased dose to the posterior rectum [14, 16] and the
bladder trigone [8] causing increasing toxicity risk, and usually point to cohort effects to
explain differences [13]. While the impacts of cohort, fractionation scheme, and analysis
techniques on reproducibility cannot be discounted, our findings highlight that is also
important to consider DSM calculation approaches when trying to understand the
similarities (or dissimilarities) between published results.

Reproduced rectal DSM-toxicity results exist only for rectal bleeding and are limited to

the 51 Gy cluster area [6, 14], the 40-60 Gy lateral ellipse extents [6, 7], and dose to the
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inferior quarter of the rectum [14, 17, 18]. Corroborated feature results were all obtained
using planar DSMs with resolutions between 21 x 21 and 51 x 45 pixels, whereas papers using
higher resolution DSMs (> 200 x 200) reported no reproduced features [23, 24]. It is also
worthwhile to note that the reproduced rectal bleeding SSR was located inferiorly, where
slice desynching effects are expected to be minimal between the two different slice orientation
styles used by these authors (planar and non-coplanar). In contrast, other non-reproduced
SSRs, like those for proctitis [14, 16, 17] and incontinence [17, 18, 23|, were distributed in
different locations in the superior half of the rectum, which we have observed to be more

prone to slice desynching between calculation methods (Fig 4.8).

Bladder DSM SSR reproducibility has been limited to dose to the inferior-anterior bladder
being predictive of late dysuria and is the subject of a study by Mylona et al [13]. Once
again, we note that this SSR is located in the inferior organ, where we would expect the least
discordance between Mylona’s planar scaled slice spacing DSMs and the planar fixed slice
spacing DSMs of other published studies [8, 19]. However, we would also like to highlight
the two SSRs Mylona found for acute and late retention. These were located in the superior
half of the bladder, in the region of more significant slice desynching and above the level
at which the fixed slice spacing DSM cohorts of the other studies truncated the maximum
extent of their bladders. This truncation handicapped the comparability of these studies

and is a noteworthy example of why consensus DSM calculation approaches are needed.

Although variations in DSM calculation methodology can help explain the state of
reproducibility in our field, we recognize other factors do need to be considered as well. In
addition to commonly discussed cohort or analysis differences, it is worth noting the role
that different outcome reporting metrics may play. Choice of toxicity scoring instrument
also varies greatly between studies (e.g. CTCAE, UCLA-QoL, IPSS, custom
patient-reported outcome measures, [14, 18, 25]), as do the timepoints at which outcomes
are collected, especially for late effects (first timepoint range: 3-27 months, [14, 24]).
Considering that toxicity scoring concordance has been shown to be limited between
observers and scoring instruments [26, 27], further investigations into their effect are

warranted.
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4.7 Conclusion

We have determined that different DSM calculation approaches produce non-equivalent
DSMs that can impact the conclusions of a given study. This has the potential to limit
clinical translation of DSM-based research unless measures are taken. Ideally, the
community should establish standardized methodologies to calculate DSMs for each organ
of interest, and at a minimum better awareness of DSM non-equivalencies is needed. While
further discussions within the community are required to establish any sort of consensus,

we wish to present the following recommendations for consideration:

1. A planar scaled slice spacing approach should be used to calculate DSMs
of sphere-like organs. This is especially true for organs, such as the bladder, that
exhibit significant isotropic volume changes between subjects, as the scaling ensures

the same anatomical regions are represented by the same DSM slices.

2. Non-coplanar slicing should be used for tubular organs with significant
curvatures. This includes organs like the rectum and duodenum where planar

slicing cannot accurately account for the organ’s trajectory.

3. The planar slicing approach is acceptable for straight tubular organs or
specific situations for organs with curvature. These include the esophagus or

spinal cord, or rectum DSMs in the context of feature-based analysis.

4. Consensus calculation approaches should be developed for each organ by the
DSM research community. While some approaches may be more straightforward
to decide, such as for the bladder, discussions will be necessary for organs with more

complex geometries like the rectum.

5. Data sharing should be encouraged within the community to better evaluate
study reproducibility between different DSM code implementations. This
could be facilitated through either the sharing of anonymized DICOM files, or arrays

of surface vertices and dose matrices.
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6. Open-source DSM calculation codes should be encouraged. This can be
facilitated by code-sharing sites such as Github. Our own DSM calculation

code, rtdsm, is an example.
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4.9 Supplemental Materials

4.9.1 Supplement A: Multiple Comparison Permutation Testing

The multiple comparisons permutation (MCP) test was introduced by Chen et al in 2013
as a means to compare images of dose distributions (like DSMs) between two groups of
radiotherapy patients with strong control for type I (false positive) errors. It allows for the
calculation of a single p-value to describe the discrepancy of the dose distributions between
the two groups, as well the identification of subregions of the dose distributions that differ
significantly between the groups.

Like any permutation test, the MCP test centers around computing the sampling
distribution of a test statistic under the null hypothesis and determining where the test
statistic of the observed sample sits in that distribution. In order to estimate this sampling
distribution, many samples of the test statistic under the null hypothesis need to be
calculated. This can be achieved by permuting (i.e., rearranging) the data of the observed
sample, calculating the test statistic for that permutation, and repeating the process until
a sampling distribution is achieved (Fig 4.10). This is possible because under the null
hypothesis all possible permutations are equally likely, meaning we can relate our

permutations to the sampling distribution.
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Figure 4.10: An example of a basic permutation test. We hypothesize the average male is
taller than the average female, therefore under the null hypothesis we would expect the mean
height difference (our test statistic) to be zero. To test this, we calculate the mean height
difference many times, randomly grouping our data into "male” and "female” categories each
time. Once we have a distribution we can determine where the test statistic of our observed

sample lies within it and determine if the null hypothesis can be rejected.

The main modification introduced in Chen’s implementation of permutation testing is
the way in which they address the multiple comparisons problem. Consider the typical «
value of 0.05 used by most scientists when conducting statistical tests: we deem a < 5%
chance that the observed data could have occurred under the null hypothesis to be small
enough that we can reject it. When conducting a single test, there is a 1/20 chance that this
occurs, but when conducting many tests in tandem (such as when comparing doses in many
voxels) it becomes much more likely that we falsely reject the null hypothesis for some of the
tests. This is the multiple comparisons problem, which we can account for by performing
a single test for all voxels. An easy way to do this for permutation testing is to create a
single test statistic distribution using the maximum test statistic value of all voxels from each
permutation. However, Chen recognized that the typical test statistic, the mean or median
difference in dose value of a given permutation, would have different variance in different
voxels. If unaccounted for, it would be more likely that the maximum test statistic of a given
permutation would be selected from a voxel with a high level of variance that occurred by

chance, rather than a lower statistic from a voxel with smaller variance that is much less
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Figure 4.11: Visual explanation of how accounting for variance in test statistic value
impacts the choice of T,,,, value. If variance is not taken into consideration, a value from
the 75th percentile of one voxel’s distribution of values can be selected over a value in another

voxel’s 98th percentile, which is arguably a greater outlier.

likely (Fig 4.11). For this reason, Chen’s MCP test statistic for a voxel is normalized using

an estimate of its standard deviation derived from many permutations.

Chen’s Original Implementation: the 2-sample unpaired test
The MCP test, as defined by Chen et al., relies on the following conditions:

1. All dose images have the same size and resolution and represent the same anatomy.
For DSMs, this means all maps must be arrays of size M x N and be calculated using
the same contour definition of the object of interest (e.g. Rectum superior and inferior

limits are consistent between patients).

2. All images are labeled as belonging to one of two groups. Chen defines their labels as

“E” for event and “N” for non-event.

3. The labels are arbitrary under the null hypothesis. In other words, if there is no
difference in the dose received by patients with and without adverse events, each patient

is equally likely to fall into the “E” and “N” groups.

The test statistic is defined as the mean dose difference between the two groups at a

given voxel, k£, normalized by that voxel’s standard deviation:

Tip = HEE — HNE (4.1)
Ok
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where ¢ is a given iteration. The maximum value of the test statistic from each iteration,
Tnazis 1 used to create the sampling distribution required to determine likelihood of the
observed sample occurring under the null hypothesis.

Overview of Test Procedure

A visual summary of the procedure is also shown in Figure 4.12a.

1. Begin by calculating the average dose difference between all voxels of the two groups

of the observed sample. We will call this dyps -

2. Randomly shuffle the labels assigned to each patient to produce a new permutation of

nyng!
(nn'4ng!’

the data. As the total number of possible permutations is it is acceptable to
use a smaller number of permutations N, > 1000 if the number of patients is sufficiently

large.

3. Calculate the average dose difference between all voxels for the permutation (d; ), then

repeat the permutation process N, times.

4. Once you have calculated d; ; for all permutations, calculate the standard deviation of
dy, of each voxel across all permutations, 0. Then calculate the test statistic T} j of

each permutation by dividing d; ; by oy.

5. Calculate the maximum value of T for each permutation to get a distribution of

Tz, values. Additionally, calculate 1},44 0bs Of the observed sample.

6. Finally, calculate the proportion of T,,,,,; values greater than 7., ops to acquire the
adjusted p-value of the sample. If this p-value is smaller than the significance level «

the null hypothesis can be rejected.

In addition to calculating the adjusted p-value, the T),,,; distribution can be used to
calculate the threshold value of the (1-a) percentile, T*. Any voxels in the observed
normalized dose difference map, T,y greater than this value indicate a significant dose

difference between groups E and N.



4.9. SUPPLEMENTAL MATERIALS

125

Unpaired test
(@) Observed Dataset

Group N Group E

Average

Differance

d.

Permuted Datasets
Randomly shuffle group members

Group N' Group E'

Average

Difference
d

Test Statistic
St.Dev 4
ges=="7—-

| Determine p-value by
! calculating % of T,
distribution greater than T _

Calcuiate test statistic
of observed and all
permuted datasets

Paired test
(b) Observed Dataset

Group N Group E

Average
Difference
d.

Permuted Datasets

Randomly shuffle pairs of group members
Group N' Group E'

Average

Difference
d

Test Statistic

[ E | | St.Dev o

CEE= ey

Calculate test statistic

of observed and alf i
permuted datasets L'EI__
: Determine p-value by
! calculating % of T,
distribution greater than T_

Figure 4.12: Visual depictions of the unpaired (a) and paired (b) MCP testing process.

Modifications: One sample and paired-sample tests

Chen’s original implementation of MCP testing was designed to be primarily used to compare
dose distributions of patients who did and did not experience adverse events in response to
radiotherapy. While this approach can also be extended to other scenarios that have two
sets of unpaired data, modifications are required if one wants to compare paired data (e.g.
planned and delivered dose distributions or DSMs computed in different ways).

While the multiple comparisons problem remains and can be addressed as in the original
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test with the normalized test statistic, we need to adjust the permutation process to ensure
the data remains paired. This can be achieved by randomly determining sets of data pairs
to swap labels with one another (Fig 4.12b). The process can be simplified even further
if we calculate the dose differences between each pair up front, then randomly permute
the signs of these differences to calculate dj for each permutation (of 2" possible). The
value of dj, will be identical in both instances, but the second approach will be faster to
implement. This implementation is also identical to that of a one-sample permutation test,
meaning comparisons of a single cohort to a known mean (such as comparing DSMs from
daily fractions to a planned DSM) are also possible.

As with the original test, conditions 1-3 must hold, with the only modification being the
paired nature of the labels.

Overview of Paired Testing Procedure

A visual summary of the procedure is also shown in Figure 4.12b.

1. Begin by calculating the dose difference maps between each pair of data. Calculate the

average of these maps to acquire dops -

2. Randomly multiply each dose difference map by +1 or —1, then calculate the average,
d; .. Repeat this step 2" or > 1000 times, depending on the total number of pairs in
the sample. If the sample size is sufficiently small, we recommend explicitly calculating

the test statistic of all possible permutations.

3. Continue performing the test as normal, starting from step 4 of the original Chen

implementation.
Overview of the Testing Procedure for a Single Sample

1. If you have an expected dose distribution (such as a planned DSM), subtract it from
all dose distributions in your sample. If you do not, you can still proceed with the test,

understanding that the null hypothesis you will be testing is that the mean dose is 0.

2. Randomly multiply each dose distribution by +1 or —1, then calculate the average,
d; . Repeat this step 2" or > 1000 times, depending on the total number of pairs in

the sample.
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3. Continue performing the test as normal, starting from step 4 of the original Chen

implementation.

Similar to the original implementation, the threshold value T* can be calculated and used
to identify pixels in the observed sample that differ significantly from their expected values

under the null hypothesis.

4.9.2 Supplement B: Additional Figures
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Figure 4.13: Mean DSM feature values (and standard uncertainty of the mean) from the

four rectum DSM calculation approaches of the 35 and 45 Gy clusters. Significantly different

pairs of features are indicated with a bracket and an asterisk.
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Figure 4.14: DSM feature values from the four rectum DSM calculation approaches for

the representative (median) patient. Features from the patients with the shortest (blue) and

tallest (red) rectums are included as well.
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Chapter 5

Experimental validation of dose
accumulation for the rectum using

dose-surface maps

Haley M Patrick, Emily Poon, and John Kildea

Manuscript accepted to Acta Oncologica May 2023 and in revisions.

5.1 Preface

In this chapter, we assess whether the addition of DSMs of daily delivered dose can be used to
perform dose accumulation for rectum structures. While dose accumulation is conventionally
performed using deformable image registration software, results for rectum structures have
historically been of poor quality. Some previous studies have therefore used daily planar
DSMs to calculate accumulated rectum dose. However, no author has presented empirical
evidence to indicate that DSM accumulation can yield an accurate representation of the
true total delivered dose. Characterizing the accuracy of DSM accumulation is key to ensure
confidence not only in the approach itself, but also in conclusions from studies employing
it. Based on this need, we investigated the accuracy of DSM-based dose accumulation by

comparing accumulated DSMs to physical measurements.
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Following an established framework for clinical verification of treatment plan delivery,
we used radiochromic films to quantify delivered dose over a multi-fraction treatment.
First, we constructed a rectum phantom capable of replicating different forms of
inter-fraction motion. Next, we irradiated the phantom over several different treatment
scenarios, using radiochromic film to measure dose to the rectum’s surface. We then
calculated the accumulated rectum dose based on CBCT images of the fractions using
planar and non-coplanar DSMs, as well as DIR software. Finally, we used gamma analysis
to compare our calculated accumulated doses to measurements. We found excellent
agreement between accumulated non-coplanar DSMs and film measurements, which
outperform accumulations done using DIR or planar DSMs. These findings indicate that
DSM accumulation can provide an accurate representation of rectum delivered dose,

conditional on the usage of non-coplanar DSMs.

5.2 Abstract

Background: Dose-surface maps (DSMs) are an increasingly popular tool to evaluate
spatial dose-outcome relationships for the rectum. Recently, DSM addition has been
proposed as an alternative method of dose accumulation from deformable
registration-based techniques. In this study, we experimentally investigated the accuracy at
which DSM accumulation can capture the total dose delivered to a rectum’s surface in the
presence of interfraction motion.

Material and Methods: A custom PVC rectum phantom capable of representing
typical rectum interfraction motion and filling variations was constructed for this project.
The phantom allowed for the placement of EBT3 film sheets on the representative rectum
surface to measure rectum surface dose. A multi-fraction prostate VMAT treatment was
designed and delivered to the phantom in a water tank for a variety of interfraction motion
scenarios. DSMs for each fraction were calculated in two ways using CBCT images
acquired during delivery and summed to produce accumulated DSMs. Accumulated DSMs
were then compared to film measurements using gamma analysis (3%/2mm criteria). Film

measurements were also compared to DSMs produced by deformable image registration to
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quantify accuracy of a more conventional dose accumulation method.

Results: Baseline agreement between film measurements and accumulated DSMs for a
stationary rectum was 95.6%. Agreement between film and accumulated DSMs in the
presence of different types of interfraction motion was > 92%, whereas agreement with
deformable registration-based DSMs was much lower (38.9-90.7%).  Overall, DSM
accumulation performed the best when using DSMs that accounted for changes in rectum
path orientation.

Conclusion: Dose accumulation performed with DSMs was found to accurately
replicate total delivered dose to a rectum phantom in the presence of interfraction motion.
These results indicate that DSM accumulation can be a viable alternative to deformable

registration-based dose accumulation.

5.3 Background

Dose-surface maps (DSMs) are sources of spatial dose distribution information in radiation
oncology that are becoming increasingly popular for dose-outcome studies of hollow organs
like the rectum [1, 2], with growing interest in using them to evaluate delivered dose to
the rectum [3, 4]. However, accurate quantification of delivered dose to the rectum can be
challenging. While Murray et al were the first to use DSMs to perform dose accumulation
for the rectum several years ago [5], no attempt to experimentally test the validity of this
approach has been made. Considering that interest in using DSMs for dose accumulation
appears to be growing [3, 6, 7], an evaluation of its validity is warranted.

During a course of prostate radiotherapy the shapes and positions of organs within the
irradiated volume can change substantially due to inter-fraction motion, with reported
prostate shifts on the order of 2.7-15 mm [8-10]. Failure to account for this motion can
introduce discrepancies between planned and delivered dose to the target and organs at
risk (OARs) and has been shown to contribute to increased risk of relapse and radiation
toxicities in conformal treatments [11-14]. While daily image-guided radiotherapy (IGRT)
is able restrict dose deviations to the prostate target to within 4%, delivered dose to the

rectum and bladder can still differ substantially from what was planned [15], necessitating
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a means to determine the dose that was delivered.

Dose accumulation is a process that uses a patient’s treatment plan and daily IGRT
images to calculate and sum their daily delivered doses into a total, accumulated dose. As
anatomical variations can exist between treatment fractions, a key element of dose
accumulation is a means to combine daily doses in the same reference anatomy.
Traditionally, this is achieved using deformable image registration (DIR) algorithms to
deform daily images to the planning anatomy along with their daily dose distributions.
However, many DIR algorithms are unable to properly handle the complex deformations
and filling changes of the rectum during prostate radiotherapy [16-18]. Although some
performance improvements have been reported for newer hybrid or biomechanical
deformation algorithms [19-21], DIR’s historically weak performance for the rectum has led

to the investigation of alternative dose accumulation strategies for this organ.

As mentioned earlier, a growing number of groups are reporting on rectum dose
accumulation for dose-outcome studies using DSMs [4, 7, 22]. A DSM is a 2D
representation of the dose to the surface of an organ. DSMs are typically calculated in a
way that maps the dose to an organ’s surface to a standard grid, making dose
accumulation as hypothetically simple as superimposing and adding daily DSMs together.
However, this daily DSM addition process relies on the untested assumption that it can
accurately account for inter-fraction translations and volume variations to produce
accurate accumulated doses. Considering that empirical studies of DIR performance for
dose deformation have revealed important real-world inconsistencies that were not
observable in prior in silico studies [23], similar real-world validation of DSM-based dose

accumulation is essential if it is to become a viable dose accumulation technique.

Motivated by this need, in this study, we attempted to validate DSM-based dose
accumulation for the rectum. Inter-fraction rectal motion and distention over the course of
a multi-fraction treatment were simulated using a rudimentary pelvic phantom and the

accuracy of accumulated DSM dose accumulation was assessed using EBT3 film dosimetry.
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5.4 Material and Methods

5.4.1 Phantom Design

A 28 x 28 x 29 cm acrylic water tank was used as a simple pelvic phantom, with
interchangeable 15 cm lengths of Xirtec® PVC pipe of various diameters used to represent
the rectum within it (Fig 5.1a). Radiopaque BBs and etched crosshairs on the tank were
used to facilitate reproducible setup of the tank’s center with in-room patient-positioning
lasers. Pipe diameters of %47, 17, and 1 '4” were used to represent the range of rectum cross
sectional areas reported in the literature [24]. In order to reproduce the rectum’s
anatomical position in a supine patient, a custom stand insert was constructed to
interchangeably hold each rectum pipe 9 cm above the tank’s base. This positioned the
rectum pipe’s anterior wall 2.5 cm posterior to the positioning of the isocenter within the
tank, replicating the average distance between the rectum and the isocenter location in
prostate cancer treatment plans. Both the rectum pipes and the stand were marked with
guide lines to allow for easy alignment with the lasers. Pipe positionings could also be

varied by using different height stands or shimming the stand’s base plate.

5.4.2 Treatment Planning

A CT simulation image of the phantom containing the smallest diameter (reference) pipe
was taken using a Big Bore CT scanner (Philips, Amsterdam, The Netherlands) with a 3.0
mm slice thickness and imported into Eclipse (v.15, Varian Medical Systems, Palo Alto,
CA) for treatment planning. The tank “body” and rectum pipe were contoured and a 5.5
cm diameter spherical PTV defined at the isocenter location. A 6 MV two-arc VMAT plan
was designed based on our institutional 60 Gy in 20 fractions treatment for moderate-risk
prostate cancer [25]. In brief, the prescription was reduced to 3 Gy in 3 fractions and the
planning constraints for the rectum and PTV were scaled down accordingly. The 3 Gy
prescription dose was chosen as it provided the least noisy dose distributions in our EBT3

films of the prescriptions tested.
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Figure 5.1: (a) Set-up of the water tank with the smallest diameter rectum pipe in place.
(b) Visualizations of the four measurement set-ups tested in this study. A three-dimensional
visualization is provided for the solid water set-up and a sagittal view visualization is provided

for the water tank experiments.

5.4.3 Experimental Setups

All measurements were performed on a Varian TrueBeam linac. In total, four different
measurements were performed to evaluate the agreement between film and calculated DSMs.

Each represented a different scenario of interest as follows (Fig 5.1b)

1. Dose plane in solid water: used to evaluate the baseline agreement between the
treatment plan and its delivery using a standard film IMRT QA protocol [26]. Two
30 x 30 x 6 cm slabs of solid water were positioned on the treatment couch with a
127 x 203 mm sheet of film sandwiched between them, centered at the isocenter, and

irradiated with the three-fraction treatment plan.

2. Dose to a stationary rectum: used to evaluate the baseline agreement between a

DSM and film measurement. The center of the water-filled water tank was positioned at



136 5. Validation of DSM accumulation

the isocenter, a 127 x 85 mm sheet of film was secured tightly around the circumference
of the smallest diameter rectum pipe and centered on the stand using the room lasers.
The plan was delivered in its entirety to the phantom, after which the film was removed,

gently toweled dry, and stored to develop.

3. Dose to a rectum with inter-fraction motion: used to evaluate how well
accumulated DSMs represent delivered dose in scenarios involving inter-fraction
translation/rotation. The set-up was identical to measurement 2, except that the
pipe was further secured to the stand with tape to prevent it from moving between
fractions. Between the delivery of each fraction the pipe stand was shimmed, tilting

the pipe 3°, then 7° from horizontal.

4. Dose to a rectum with inter-fraction volume changes: used to evaluate how
well accumulated DSMs calculate delivered dose for scenarios that involve rectum
diameter changes. As the different diameters made it impossible for a single film
sheet to measure the accumulated surface dose across all three fractions, we opted to
measure accumulated dose to four inferior-superior lines located at the cardinal
angles along the rectum’s surface. Four 127 x 20 mm strips of film were attached to
the posterior, anterior, left, and right sides of each rectum pipe and centered in the
tank using the room lasers. After each fraction the films were removed and

transferred to a different diameter pipe for delivery of the next fraction.

Before each film measurement, a CBCT image of the experimental set-up was acquired
with a dummy film in the place of the measurement film to facilitate the delivered dose
and DSM calculation processes. In order to assess and account for any film darkening due
to water, each water tank measurement had a corresponding non-irradiated reference film
submerged for the same duration as the measurement film. This reference film was scanned
alongside the measurement films and a piece of non-submerged film, and compared to the
non-submerged film. Significant water-induced darkening could then be accounted for by

subtracting the difference in optical density from measurement films [27].
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5.4.4 Film Dosimetry

All measurements were carried out using Gafcromic EBT3 film (Ashland Global, Lot
03082202). Film calibration was performed by exposing film strips positioned at 6 cm
depth in solid water using a 6 MV 10 x 10 em, 100 cm SSD field. Six calibration doses
covering a range from 0 to 500 cGy were acquired and cross-calibrated with measurements
performed with an Exradin® A19 ion chamber. All films were left to develop for 42 hours
to allow for full evaporation of water from submerged films before scanning in 48-bit RGB
format with an Epson 11000XL scanner and glass compression plate at 0.35 mm resolution.
Images were converted to dose distributions using FilmQA Pro (v.5, Ashland Global) [28].
Measurement films were scanned alongside three reference films: the aforementioned
submerged film (0 c¢Gy) and two unsubmerged films irradiated to 0 and 400 c¢Gy in the
same solid water setup as the calibration films. The two 0 cGy films were used to account
for water-induced darkening, while the two non-submerged films were used to perform

linear dose rescaling to correct for interscan variability.

5.4.5 Dose-Surface Map Calculation and Accumulation

For each measurement scenario, delivered dose was calculated by first registering the
treatment plan to the acquired CBCT and then dose re-calculation was performed in
Eclipse. For the solid water measurement, the dose plane at the position of the film was
exported for comparison. For each pipe measurement, the rectum pipe was contoured on
the CBCT image. RT-Structure and RT-Dose DICOM files of each setup scenario were
exported to enable the DSM calculations.

DSMs were calculated using the Python package rtdsm [29], previously developed and
published under an open-source license by our group. rtdsm allows for two DSM calculation
styles: the “planar” approach, which samples dose using parallel axial slices, and the “non-
coplanar” approach, which uses slices angled orthogonally to the rectum’s central axis path.
We opted to use the non-coplanar approach as it is more appropriate for rectum structures,
though we did also investigate the planar approach for comparison purposes. To begin the

DSM calculation process in rtdsm, 91 slices were defined every 1.5 mm along the length
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of each rectum pipe contour, orthogonal to the pipe’s central axis, with the central slice
located at the halfway point. Next, equiangular sampling points were defined every 6.3° (for
constant diameter scenarios) or 6° (for the changing diameter scenario, in order to explicitly
include sampling points at the four cardinal angles) around each slice’s circumference and
the point dose sampled from the 3D dose matrix. Finally, the tubular dose distributions
were cut open posteriorly and flattened into 2D dose arrays with a point resolution on the
reference (smallest) pipe of 1.61 x 1.5 mm, and 1.52 x 1.5 mm for the diameter changing
scenario. Accumulated doses were calculated by superimposing and adding up all single
fraction DSMs for a given measurement scenario and saved as DICOM dose planes for easy
import into FilmQA Pro.

In addition to the DSMs defined above, for comparison purposes, planar DSMs were also
used to produce an accumulated DSM for the inter-fraction motion scenario. In this case,
axial slices were simply defined every 1.5 mm along the superior-inferior axis of the CBCT
image. This accumulated DSM allowed us to evaluate the accuracy of DSM accumulation
using planar DSMs compared to non-coplanar ones.

In order to compare the performance of DSM-based dose accumulation to the conventional
DIR-based approach, accumulated doses were also calculated using MIM Maestro (MIM
Software, Cleveland, OH). Images, contours, and dose distributions of each setup scenario
were imported to the software and deformably registered to the planning CT using MIM’s
Same Subject algorithm using a smoothing factor of 0.5 to calculate accumulated doses.
Finally, DSMs of each scenario were calculated from the DIR-accumulated dose distributions

to allow for comparison with films.

5.4.6 Analysis

Calculated accumulated DSMs were imported into FilmQA PRO and aligned with the film
measurements using the application’s alignment optimization tool. Regions of comparison
excluded the outer 0.5 ¢cm of the films where water is known to irreversibly impact optical
density [27]. Gamma analysis [30] was performed on the red channel with a 3% dose
difference (global normalization) and 2 mm distance-to-agreement using a dose threshold of

10% in accordance with TG-218 recommendations [31]. Performance was compared to
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Table 5.1: Gamma pass rates for each combination of experimental set-up and test criterion.

Experimental Setup 2%/2mm 3%/2mm 3% /3mm
(1) Dose plane in solid water 98.2% 98.6% 99.2%
DSM-based Dose Accumulation

(2) No inter-fraction changes 90.8% 95.6% 98.1%
(3) Inter-fraction motion 87.9% 94.9% 98.8%
(3) Inter-fraction motion - planar DSM 82.7% 92.0% 97.5%
(4) Inter-fraction volume changes — Anterior Profile 86.5% 98.1% 98.1%
(4) Inter-fraction volume changes — Posterior Profile 98.1% 100% 100%
(4) Inter-fraction volume changes — Left Profile 98.1% 100% 100%
(4) Inter-fraction volume changes — Right Profile 98.0% 100% 100%
DIR-based Dose Accumulation

(3) Inter-fraction motion 34.8% 38.9% 43.4%
(4) Inter-fraction volume changes — Anterior Profile 65.3% 75.5% 85.7%
(4) Inter-fraction volume changes — Posterior Profile 87.0% 90.7% 90.7%
(4) Inter-fraction volume changes — Left Profile 69.8% 77.4% 88.7%
(4) Inter-fraction volume changes — Right Profile 38.0% 50.1% 82.0%

TG-218’s universal tolerance and action limits of > 95% and > 90%, respectively.
Additional comparisons were also performed with 2%/2 mm and 3%/3 mm criteria to

evaluate performance under stricter and more lenient conditions.

5.5 Results

Results for each experimental setup are described below, graphically presented in figures 5.2

and 5.3, and tabulated in Table 5.1.

5.5.1 (1) Dose plane in solid water

Measured and calculated delivered dose distributions at the central plane of the PTV are
shown in Figure 5.2a along with the corresponding gamma index map. Although gamma pass
rates were within action limits (98.6%, Table 5.1), the measured and calculated delivered
dose planes disagreed in a few areas. Hotspots exceeding 400 cGy existed within the PTV
region of the film measurements that were not present in the calculated dose plane and were

the main cause of gamma index failures.
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5.5.2 (2) Dose to a stationary rectum

Measured and DSM-calculated doses to the stationary rectum had a gamma pass rate of
95.6%, within TG-218 tolerance limits (Table 5.1), and with good positional agreement of
all isodose lines below the prescription dose (Fig 5.2b). Like the previous comparison, the
main source of disagreement was due to the film measuring higher dose hotspots within the

PTV compared to the calculated DSM.
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Figure 5.2: Total accumulated dose distributions for each measurement scenario, as
measured by film and calculated DSMs, along with their gamma index maps for the 3%/2
mm criteria. Isodose lines are included to facilitate visual comparison of the film and DSM

dose distributions.
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5.5.3 (3) Dose to a rectum with inter-fraction motion

Gamma analysis of the inter-fraction motion measurements had slightly lower agreement
between the film and DSM dose maps (gamma pass rate: 94.9%, Table 5.1), but still
comfortably within TG-218 action limits. Film measurements reported lower doses than
the accumulated DSM in this scenario, with the measured 300 c¢Gy region being smaller
and more contained than the calculation (Fig 5.2¢). This influenced gamma indices in such
a way that the main locations of failure occurred between the 250 and 300 cGy isodose
regions, rather than within hotspots as was the case for the previous two measurements.
Film-DSM agreement decreased when using the planar style of DSM calculation (92.0%
pass rate). Increased patches of disagreement were still present within the > 250 cGy area
as for the non-coplanar style, but also in the anterior low-dose gradient region of the inferior

rectum (Fig 5.2d).

5.5.4 (4) Dose to a rectum with inter-fraction volume changes

Dose profiles as measured with the film and extracted from the DSMs are presented in Figure
5.3 along with profiles of their gamma indices. Overall agreement was very strong for all four
profiles (>98%, Table 5.1), with the posterior, left, and right profiles closely matching even
with stricter passing criteria. Similar to the other measurements, gamma criteria failures
were primarily located in the anterior rectum, where the film measured higher doses. For
example, gamma failures occurred from 80-90 mm along the anterior profile for the 2%/2

mm test.

5.5.5 Accumulated dose as calculated by DIR

Dose distribution agreement was lower in both cases compared to the DSM dose accumulation
(Figs 5.2d, 5.3). For scenario 3 (inter-fraction motion), the DIR-calculated dose distribution’s
topography differed significantly from the film. While the 300 cGy isodose region was of a
similar size and position to the film’s, the 100 and 200 c¢Gy regions were much smaller and
tightened in around the hotspot, especially for the superior half of the rectum. Consequently,

gamma index values in this region far exceeded TG-218 action limits, leading to a pass rate
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of 38.9%. Gamma pass rates were similarly reduced for scenario 4 (inter-fraction volume
changes, Fig 5.3). Measurement-calculation concordance was strongest for the posterior wall
profile (90.7%) and weakest for the right wall profile (50.1%) with the left and anterior wall
profiles falling in the middle (77.4% and 75.5%, respectively). In the case of the right and left
walls, the low pass rates were due to the DIR accumulation underestimating the dose relative
to the film measurement, whereas for the anterior wall the cause was the DIR accumulation

compacting the high dose region relative to the film.
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5.6 Discussion

The need for accurate dose accumulation methods has been recognized as a critical factor to
improve understanding of normal tissue response to radiation [32]. In parallel, the value of
including spatial-dose information in dose-outcome research has been demonstrated through
the discovery of radiosensitive subregions that are otherwise masked by DVH metrics [7, 33,
34]. While a handful of studies have attempted to combine dose accumulation and spatial-
dose visualization through DSM accumulation [3-7], the real-world validity of this approach

has not been evaluated until now.

In this work we tested the accuracy of DSM-based dose accumulation for rectum
structures against film measurements and found good agreement between measured and
calculated surface doses. Gamma pass rates using the 3%/2 mm criteria ranged from
92.0-95.6% for full surfaces and exceeded 98% for 1D profiles, falling comfortably within
TG-218 recommended action limits and ranges reported by recent end-to-end performance
studies of MRI guided adaptive radiotherapy (MRgART) using DIR. For example,
Hoffmans and Bohoudi used film to compare measured and MRgART calculated dose to
the rectum’s surface for multi-fraction treatments to deformable pelvis phantoms and
reported pass rates between 87.9-100% for 3%/2 mm criteria [35, 36]. A similar study by
Elter et al employing gel dosimetry reported lower pass rates of 93.7% (3%/3 mm) for
rectum dose, likely due to a full 3D volumetric comparison [37]. We found that agreement
between film and accumulated DSMs was weakest for hotspots within the PTV (scenarios 2
and 4) and for locations in the high-dose gradient region with large inter-fraction motion
(scenario 3). These may have been a consequence of positional uncertainties in regions with
steeper dose gradients, similar to results observed by Marot et al using an

anthropomorphic phantom [38].

We found that DSM-based dose accumulation outperformed DIR-based accumulation in
both the presence of inter-fraction motion and volume changes (Table 5.1). From visual
inspections we determined the cause to be the DIR algorithm’s inability to accurately
handle the larger deformations of each test scenario. The DIR algorithm struggled to

handle the larger positional displacements of the inferior rectum when it was tilted by 7°,
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creating non-realistic deformations and causing the poor dose accumulation accuracy seen
in this region (Fig 5.2e). Similarly nonsensical deformations were produced by the DIR
algorithm when shrinking the largest diameter rectum to match the smallest one, pinching
the anterior wall along the inferior-superior axis and impacting the accumulated dose
profile. Several previous publications have observed similar nonphysical deformations when
using MIM’s DIR algorithm, with accuracy generally decreasing for larger
deformations [21, 39-41]. This performance has been attributed to MIM using an
intensity-based, restricted free-form demons’ algorithm, causing it to prioritize image
similarity and thereby allowing large regional deformation errors to occur. While further
experimentation is required to benchmark DSM-accumulation against other algorithms, our
results suggest that DSM-accumulation can outperform certain free-form intensity-based

DIR algorithms.

Our results show that agreement between film and DSM reduces when using the
simplified “planar” style of DSM calculation for the inter-fraction motion scenario. Due to
the simplified axial orientation of the DSM slices, doses to the anterior and posterior rectal
walls are sampled at different locations, producing a DSM grid that displaces measured
point doses relative to their film counterparts (Fig 5.4). While this displacement was kept
within 1.6 mm for the scenarios of this study, displacements exceeding 3 mm are possible
for angular offsets as small as 13°. This poses a major potential issue for planar-style DSM
accumulation accuracy for rectums with significant trajectory in the anterior-posterior or
left-right directions and may have consequences for existing DSM accumulation studies. To
date, all but one [6] of the DSM accumulation studies reported in the literature has used
the planar calculation approach [3-5, 7, 22|, meaning all are likely to include this effect.
While we found one dissertation [22] that did provide anecdotal accounts of good
correspondence between DSMs from DIR and DSM accumulation, full details of this

investigation were not provided.

Although our study provides evidence for the validity of DSM-based dose accumulation
for simple inter-fraction motion and deformations, further studies are warranted to
investigate more advanced scenarios. The simplicity of our rudimentary pelvic phantom

prevented investigations of more complex inter-fraction changes like localized motion and
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40

Figure 5.4: Visual comparison of DSMs created from a cylinder angled 10° in a striped dose
distribution aligned with the cylinder’s central axis to demonstrate the effect that the choice
of DSM calculation style has on DSM appearance. A film measurement of this scenario
would feature parallel stripes of high and low dose. For calculated DSMs, the stripes will
appear straight and match the film measurement for a non-coplanar DSM (a), but will be

distorted and non-equivalent to the film for a planar DSM (b).

filling variations. More sophisticated deformable phantoms in the vein of the ADAM-pelvis
and PETer phantoms or 3D-printed phantoms may be useful to evaluate these
scenarios [37, 38]. We were also unable to assess the validity of the assumption of isotropic
rectum expansion, which is a fundamental component of DSM calculation and dose
accumulation. This could form the basis for future studies using deformable phantoms or

biomechanical rectum models.

In summary, experimental validation of DSM-based dose accumulation for rectum
structures showed good agreement with film measurements for simple inter-fraction motion
scenarios.  Provided the mnon-coplanar calculation method is used, DSM-based dose

accumulation may be a viable alternative to DIR-based dose accumulation.
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6.1 Preface

In chapter 5 we demonstrated that DSM accumulation yields accurate representations of total
delivered dose to a rectum phantom when the non-coplanar calculation approach is used.
Here we extend this finding to demonstrate the use of non-coplanar DSM accumulation to
evaluate the delivery accuracy of dose to the rectum during hypofractionated prostate cancer
radiotherapy. This study was motivated by the recent increase in the use of hypofractionated
treatments since 2020 for which few studies have been reported, including for SBRT in
particular. Furthermore, DSMs are currently underutilized for planning versus delivered dose
studies, despite the added value they may provide over conventional DVHs. We therefore
investigated the differences between planned and accumulated doses for SBRT using DSMs

and their relation to changes in rectum shape over the course of treatment.
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Using daily CBCT images, we calculated the daily delivered rectum doses for 40
prostate radiotherapy patients: 20 patients prescribed 36.25 Gy in 5 fraction (SBRT) and
20 patients prescribed 60 Gy in 20 fractions (IMRT). We then calculated planned, daily,
and accumulated DSMs for each patient using our tested non-coplanar DSM accumulation
approach. Differences between planned and delivered rectal dose were evaluated on a
patient-specific and cohort-wide basis using MCP analysis. Additionally, we examined
changes in rectal volume and wall positioning over the course of treatment and evaluated if
they may be related to dosimetric changes. The results of our analysis showed that most of
the SBRT treatments were delivered similarly to what was planned, whereas many of the
IMRT treatments were delivered with significant dose deviations, especially within the
posterior rectal wall region. The presence or lack of dosimetric variations in both cohorts
could be explained by the stability of patients’ rectal wall position over the course of
treatment, which was much more informative than changes in rectal volume. These results
indicate that using spatially inclusive forms of dosimetric and rectal shape information like
DSMs offer additional nuance that may better explain dose difference between planning

and delivery compared to just using conventional DVH metrics.

6.2 Abstract

Purpose: Prostate SBRT requires precise treatment delivery to ensure adequate target
coverage and rectum sparing. However, the accuracy at which rectum dose is delivered
during prostate SBRT is not well characterized, especially in a spatial context. Our aim
was, therefore, to quantify the similarity of planned and delivered rectum dose in a spatially-
conscious manner using dose-surface maps and to compare it to the corresponding result
obtained for a well-established hypofractionated treatment scheme.

Methods: Prostate cancer patients treated with 36.25 Gy in 5 fractions (SBRT) and
60 Gy in 20 fractions (IMRT) were selected from our hospital database. Daily delivered
doses for each patient were calculated using daily CBCT images. Planned and accumulated
dose-surface maps of the rectal wall were then calculated and compared using

multiple-comparisons permutation testing to identify regions where significant dose
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differences occurred. Changes in rectal wall position between planning and delivery were
also evaluated to determine possible relation to dosimetric changes.

Results: Statistically speaking, treatments were delivered consistent with planning in
14 out of 20 SBRT patients and in 8 out of 20 IMRT patients. On average, patients in the
IMRT group received significantly lower doses to the posterior rectal wall during treatment
than what was planned, which could be attributed to significant shifts in posterior wall
position over the course of treatment. No significant dosimetric differences were observed
for the average SBRT patient, who exhibited stable rectal wall positioning over the course
of treatment.

Conclusions: We found that in general, delivered dose to the rectal wall during prostate
SBRT is statistically the same as planned dose and any delivered dose deviations from

planning during both SBRT and IMRT treatments are consistent with rectal wall motion.

6.3 Introduction

Stereotactic body radiotherapy (SBRT) is a promising treatment modality for prostate cancer
delivering doses of > 5 Gy per fraction to exploit prostate cancer’s low «/( ratio and improve
the therapeutic ratio [1]. Adoption rates for this modality have increased since 2020 in
response to pandemic practice recommendations [2, 3] and are supported by reports of non-
inferior 5-year failure-free survival and toxicity incidence compared to standard fractionation
in clinical trials [4-6]. However, SBRT’s short treatment course means each fraction heavily
contributes to the total dose, making accurate fraction delivery important to ensure adequate
organ at risk (OAR) sparing and to avoid radiation toxicities. Therefore, considering the
potential impact on patient outcomes, it is important to quantify the level to which delivered
and planned OAR doses differ in routine clinical usage of prostate SBRT.

Over the years, multiple studies have compared the delivered doses to the prostate and
rectum to planning values to assess delivery accuracy for prostate radiotherapy. Using 3D
anatomical image guided radiotherapy (IGRT) images to calculate daily doses, these
studies have demonstrated that while IGRT is able minimize deviations in target dose to

within 1 Gy over a course of conventionally-fractionated (2 Gy/fraction) treatment, large



6.3. INTRODUCTION 157

variations in the volume of the rectum exposed to near-prescription dose can still
occur [7-10]. Studies are much more limited, however, for hypofractionated treatments
(> 2 Gy/fraction), and in particular for SBRT treatments. Most publications that report
prostate SBRT accumulated doses center around treatments performed on MR-linacs, with
a large focus on adaptive workflows [11-15]. While some investigations of SBRT treatments
delivered with conventional linacs do exist [16—-18], they focus more on target dose delivery
and are limited in their investigations of rectal delivered dose. Also, these studies evaluated
planned and delivered OAR dose differences using dose-volume histogram (DVH) metrics,
thereby excluding the opportunity to compare dose differences in a spatially conscious

manner.

DVHs have long been recognized to be limited by their lack of spatial information [19],
making it possible for differences between dose distributions to be masked if they share
similar Vg, metrics. One alternative to the DVH that preserves spatial information is the
dose-surface map (DSM). A DSM provides a 2D representation of the dose to the surface of
a structure. DSMs have become a popular tool for dose-outcome studies of hollow organs,
especially the rectum [20-23], and have recently been used to calculate total accumulated
rectum dose for outcome studies of prostate radiotherapy [24, 25]. Although relatively
unexplored for their usefulness to compare planned and delivered doses, the spatial dose
information contained within DSMs means they can provide an enhanced picture of

radiotherapy delivery accuracy compared to DVHs.

The purpose of this study was to evaluate dosimetric differences in real-world rectal
delivered dose from planning during prostate SBRT compared to a well-established
hypofractionated treatment (60 Gy/20 fractions) at our centre. Specifically, we compared
planned and delivered doses using DSMs within both fractionation schemes, in order to
compare dose delivery accuracy between the schemes on a spatial level, and we examined

rectal shape variations to assess their contribution to any inaccuracies observed.
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6.4 Methods

6.4.1 Patient Cohorts

Two retrospective, single center patient cohorts were identified for this dosimetric study. The
first cohort consisted of twenty randomly selected patients with localized prostate cancer
treated with 60 Gy in 20 fractions (IMRT), who were treated between September 2015-2016
following the move of our radiation oncology department to a new hospital. The second
cohort consisted of twenty patients with localized prostate cancer treated consecutively with
36.25 Gy in 5 fractions (SBRT) starting from May 2020, two months after SBRT replaced
the well-established 60 Gy/20 fractions hypofractionation as our standard treatment. All
patients underwent a simulation CT scan in a Philips Big Bore CT scanner, with the SBRT
patients also undergoing an MRI simulation scan. The target was defined as the prostate
plus 7- or 5-mm isotropic margins for the IMRT and SBRT cohorts, respectively. OARs
were contoured according to RTOG guidelines [26], beginning at the ischial tuberosities
and finishing at the sigmoid junction. Volumetric Modulated Arc therapy (VMAT) plans
consisting of two 6 MV arcs were designed for each patient in the Eclipse Treatment Planning
System (Varian Medical Systems, Palo Alto, CA) in accordance with appropriate protocols:
local guidelines for the IMRT cohort [27], and NRG-GU005 guidelines for the SBRT cohort
[28].

Treatments were delivered daily (IMRT) or every second day (SBRT) using cone-beam
CT (CBCT) IGRT guidance. For the IMRT cohort, the IGRT protocol used a single daily
pre-treatment CBCT to perform soft tissue matching before treatment delivery, whereas
the SBRT cohort’s IGRT protocol also mandated the acquisition of a daily post-delivery
CBCT to verify that no significant positional shifts had occurred during treatment.
Additional pre-treatment CBCTs were allowed for both cohorts in the event that large
set-up adjustments were required. To retrospectively calculate daily delivered doses for
each fraction, treatment beams were registered to the last-recorded CBCT images of the
fraction in Eclipse and dose calculations re-run on the daily anatomies. Rectum contours
were retrospectively delineated on all daily CBCT images by a single observer to minimize

interobserver contouring variations. Copies of the originally-planned rectum contours were
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also reviewed and adjusted, if necessary, by the same observer to ensure retrospective

contouring consistency across all patients.

6.4.2 DSM Calculation

Dose and contour data were exported as DICOM files from the treatment planning system
to calculate DSMs. Generation of DSMs was achieved using rtdsm, an open-source Python
package previously developed by our group for DSM calculation and analysis [29]. For each
plan and daily image, rtdsm began by defining slices of the rectum contour orthogonal to its
central-axis path in increments of 3 mm, correcting the orientation of intersecting slices using
the approach of Witztum et al [23]. Next, 45 equiangular points were defined around the
outer circumference of each slice and dose was sampled at these points. Finally, each contour
was unwrapped along its posterior rectal wall and mapped into a 2D array. To calculate an
accumulated DSM for each patient, their daily DSMs were aligned at their inferior borders
and summed together, truncating longer DSMs to the length of the patient’s shortest daily
rectum contour. This DSM alignment approach was also used when calculating cohort DSM

averages.

6.4.3 Comparison of Planned and Delivered Doses

Planned and delivered DSMs were compared on a patient-by-patient basis and cohort-wide
for both fractionation schemes. Dose differences between planned and delivered DSMs were
visualized by calculating dose-difference maps (DDMs). As for the DSMs, DDMs were
calculated on a patient-by-patient basis and for the cohort averages.

Statistical comparisons of planned and delivered doses were conducted using multiple
comparisons permutation (MCP) testing [30]. Patient-wise comparisons of planned and
accumulated DSMs were performed using a one-sample version of the test that compared
the distribution of each patient’s daily-delivered DSMs (scaled up to prescription doses)
to their planned DSM. The cohort-wise comparisons used a paired version of the test to
compare planned and accumulated DSMs for each treatment cohort. Statistical significance

for all tests was defined as p-value < 0.05.
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6.4.4 Influence of Rectal Shape Metrics

As changes in rectum dose are frequently attributed to inter-fraction changes in rectum size
and shape, we investigated how these factors varied over the course of treatment to determine
if they played a role in the dose differences observed. To facilitate this, planned and daily
rectal volumes were extracted from the treatment planning system and percent change from
planning baseline was calculated for each patient to evaluate inter-fraction change in rectum
volume. Localized changes in rectum shape were quantified by extracting point position
information for the anterior and posterior rectum walls as identified in the DSM calculation
process relative to the linac isocentre position for each day. This positional information was
then used to determine daily anterior-posterior shifts in wall position relative to the planning
baseline. The significance of deviations in rectal volume and wall positions from planning

baseline was assessed using Wilcoxon signed-rank testing.

6.5 Results

6.5.1 Comparison of Planned and Delivered Doses

Planned and delivered doses were observed to differ for all patients in both cohorts to some
extent. Examples of these differences are shown for a selection of patients in Figure 6.1 (and
for all patients in the supplementary material). A majority of the IMRT patients (12/20)
exhibited statistically significant delivered dose deviations from their planning baselines for
at least one subregion of the rectal wall, whereas the same was true for only a minority (6,/20)
of the SBRT patients. In general, these subregions occurred in areas superior, inferior, or
lateral to the portion of the anterior rectal wall in direct contact with the prostate target

and were larger in surface area for the IMRT patients compared to the SBRT ones.

The cohort-average DDMs for the IMRT and SBRT cohorts are shown in Figure 6.2
Patients in the IMRT cohort were found to receive systematically lower doses to the posterior
rectal wall than planned. No significant dose differences were observed on a cohort level for

the SBRT patients.
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Figure 6.1: Planned minus accumulated-delivered dose difference maps (DDMs) of the
patients with the most different (a-b), median different (c-d), and most similar (e-f) planned
and accumulated DSMs, in units of Gy. Patients in the IMRT (60 Gy in 20 fractions) cohort
are in the left column and patients in the SBRT cohort (36.25 Gy in 5 fractions) are in
the right column. Subregions with statistically significant dose differences are contoured in

black. Patients are identified by the grey labels.
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Figure 6.2: Cohort-average dose difference maps for the IMRT (a) and SBRT (b) cohorts.

6.5.2 Influence of Rectal Shape Metrics

Daily rectal volume variations were observed in all patients (Fig 6.3). In total, 18/20 IMRT
and 10/20 SBRT patients had statistically significantly different rectum volumes during
treatment compared to their planning volume. Interestingly, the SBRT patients tended to
have smaller rectal volumes during treatment compared to at the time of planning, whereas
no such cohort-wide pattern existed for the IMRT patients. It is also worth noting that not
all cases of statistically significant deviations in rectal volume from planning baseline were
associated with statistically significant deviations in delivered dose. For example, IMRT
patient 9 had significantly smaller rectal volumes during treatment but had the most similar
planned and delivered DSMs (Fig 6.1a), whereas SBRT patient 11’s planning volume was not
statistically different from their delivery volumes despite having the largest dose differences

between planning and delivery (Fig 6.1b).

Changes in rectal wall position between planning and delivery are shown for both cohorts
in Figure 6.4. Rectal wall positioning was relatively stable throughout the course of treatment
for the SBRT cohort, with significant shifts only observed for small segments of the posterior
wall located inferior or superior to the level of the PTV (Fig 6.1b). Rectal wall positioning
was much less consistent, however, for the IMRT cohort. On average, patients’ inferior
posterior rectal walls were observed to have shifted significantly further from the target
during treatment compared to their position at planning (Fig 6.4a). The superior-most

points in this region corresponded with the region of significant dose difference (Fig 6.2a)
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Figure 6.3: Violin plots of the relative change (planned minus delivered) in daily
rectal volume from planning value for the overall IMRT and SBRT cohorts (All), as well
as individually numbered patients. Statistically significant results are indicated in red.

Distribution medians are shown as rectangular markers.

seen in the DSMs. This shift was present within the delivery of the first five fractions (the
same duration as the complete SBRT treatment) and increased in magnitude by the last five

fractions (Fig 6.4c-d).
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the IMRT (a) and SBRT (b) cohorts, as well as their mean positions over the first (c¢) and
last (d) five fractions for the IMRT cohort. Shaded regions indicate standard uncertainty of
the mean, with purple areas indicating regions of statistically significant anterior-posterior

shifts.

6.6 Discussion

The variation of daily delivered rectal dose over the course of prostate radiotherapy is a

well-documented phenomenon that can lead to different total delivered dose than what was
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planned. While this effect is well-characterized for conventionally-fractionated treatments,
characterization for real-world SBRT treatments has been limited, especially outside of MR-
linac adaptive workflows. To address this, we quantified the spatial dose differences between
planned and delivered rectal wall dose for patients treated with prostate SBRT and compared

them to a well-established hypofractionated IMRT regimen.

In this study, we found that most patients treated with SBRT received similar rectal
doses to what was planned and that the statistically significant dose deviations that did
occur in in a minority of patients (6/20) were limited to small portions of the rectal wall.
IMRT patients, on the other hand, were found to experience significant dose deviations
much more frequently (12/20) and to larger areas. Similar patterns were also observed on a
cohort level, as IMRT patients were found on average to receive statistically significant lower
doses to the posterior rectal wall than what was planned whereas SBRT patients on average
did not exhibit statistically significant dose deviations. This did not confirm our concern,
as shared with Shelley et al [31], that the short-course SBRT treatments might deviate
more from planned due to higher sensitivity to single-fraction dose deviations. However,
our IMRT results are supported by previous studies which have reported similar patterns
in dose delivery deviations for individual patients [32, 33] and on a cohort-level [34] for
conventionally-fractionated treatments. Similarly, while their investigation was restricted to
the V100% metric, Studenski et al found no statistically significant dose deviations between
planned and delivered dose for the same prescription as our SBRT cohort [16]. One possible
explanation may be that SBRT’s higher dose-per-fraction influenced clinical staff to adhere
more stringently to patient set-up, IGRT, and bladder/rectal filling protocols than they may
for less hypofractionated treatments. For example, the main difference between our clinic’s
IMRT and SBRT IGRT protocols was the acquisition of a second post-fraction CBCT for
the SBRT treatment to check for mid-treatment motion. This, paired with the generally
reinforced importance of delivery accuracy for SBRT [35], could be contributing to the effect.
Another potential explanation could also be that the tighter margins used for the SBRT
treatment may give rise to steeper dose gradients that could lead to a different dosimetric

impact for the same unit shift in rectal wall position compared to the IMRT treatment.

While changes in rectal doses have long been attributed to changes in rectal volume
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[36-38], we did not observe clear evidence of this phenomenon in our data. Although patients
in our more dosimetrically variable IMRT cohort were observed to exhibit more volumetric
variations than the SBRT cohort, no clear pattern between volume variations and DSM
differences emerged. Instead, we found that changes in rectal wall position provided a much
better explanation of where and why dosimetric differences were occurring (Fig 6.4). The
localized dosimetric variations present in the IMRT cohort could be easily explained by
a gradual migration of the posterior rectal wall away from the PTV over the course of
treatment, whereas a lack of wall migration could explain the SBRT cohort results. Our
spatial investigation is, to the best of our knowledge, unique, with the closest reported
finding being correlation of rectal gEUD with anterior-posterior shifts in rectum centroid
positions [34], which are more proxy data. Our finding would have been masked if only DVH
metrics and total rectal volumes were used.

An important limitation of our study is that our calculations of delivered dose do not
account, for intra-fraction motion during fraction delivery. This is a product of our SBRT
IGRT protocol, which does not include real-time prostate tracking. However, conventional
C-arm linac-based SBRT treatments can be delivered in a much shorter time compared to
Cyberknife or Tomotherapy machines (10-15 minutes versus 20-40 minutes), reducing the
window for large intra-fraction motion to occur. Intra-fraction motion has also been reported
to have minimal impact on rectum dose during prostate SBRT [13, 39] over the duration of a
conventional or MR- linac treatment. Additionally, we did attempt to consider the effects of
intra-fraction motion by using post-treatment CBCTs for our daily dose calculation, which

would reflect any positional deviations from the original soft-tissue matches.

6.7 Conclusions

In summary, we spatially evaluated rectal dose deviations over the course of SBRT and
conventionally-hypofractionated radiotherapy treatments to the prostate in routine clinical
practice using DSMs. SBRT treatments were shown to be delivered with fewer dosimetric
deviations than the conventional hypofractionated treatments and localized dose deviations

were found to be associated with localized changes in rectal wall position over the course of
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treatment.  These results demonstrate the accuracy to which SBRT treatments are
delivered in routine practice and illustrate the value of DSMs for the identification spatial
dose deviations. Future work in this area should focus on dosimetric evaluations of other
fractionation schemes and OARs, as well as potential systematic factors that may have

contributed to the dose deviations observed for the IMRT cohort.

6.8 Acknowledgements

HMP acknowledges funding from the Fonds de recherche du Québec - Santé in the form of a
Doctoral Training Award, as well as partial support by the CREATE Responsible Health and
Healthcare Data Science (SDRDS) grant of the Natural Sciences and Engineering Research
Council. JK acknowledges support from the Canada Foundation for Innovation John R.
Evans Leaders Fund. We also acknowledge the logistical support provided by our colleagues
in the Department of Medical Physics and the Division of Radiation Oncology at the McGill
University Health Centre.

Bibliography

[1] E. F. Miles and W. Robert Lee, “Hypofractionation for Prostate Cancer: A Critical

Review,” Seminars in Radiation Oncology, 2008.

[2] N. G. Zaorsky, J. B. Yu, S. M. McBride, R. T. Dess, W. C. Jackson, B. A. Mahal,
R. Chen, A. Choudhury, A. Henry, I. Syndikus, T. Mitin, A. Tree, A. U. Kishan, and
D. E. Spratt, “Prostate Cancer Radiation Therapy Recommendations in Response to

COVID-19,” Advances in Radiation Oncology, 2020.

[3] K. Spencer, C. M. Jones, R. Girdler, C. Roe, M. Sharpe, S. Lawton, L. Miller, P. Lewis,
M. Evans, D. Sebag-Montefiore, T. Roques, R. Smittenaar, and E. Morris, “The impact
of the COVID-19 pandemic on radiotherapy services in England, UK: a population-
based study,” The Lancet Oncology, 2021.



168

BIBLIOGRAPHY

[4]

A. Widmark, A. Gunnlaugsson, L. Beckman, C. Thellenberg-Karlsson, M. Hoyer,
M. Lagerlund, J. Kindblom, C. Ginman, B. Johansson, K. Bjornlinger, M. Seke,
M. Agrup, P. Fransson, B. Tavelin, D. Norman, B. Zackrisson, H. Anderson, E. Kjellén,
L. Franzén, and P. Nilsson, “Ultra-hypofractionated versus conventionally fractionated
radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised,
non-inferiority, phase 3 trial,” The Lancet, 2019.

P. Fransson, P. Nilsson, A. Gunnlaugsson, L. Beckman, B. Tavelin, D. Norman,
C. Thellenberg-Karlsson, M. Hoyer, M. Lagerlund, J. Kindblom, C. Ginman,
B. Johansson, K. Bjornlinger, M. Seke, M. Agrup, B. Zackrisson, E. Kjellén,
L. Franzén, and A. Widmark, “Ultra-hypofractionated versus conventionally
fractionated radiotherapy for prostate cancer (HYPO-RT-PC): patient-reported quality-
of-life outcomes of a randomised, controlled, non-inferiority, phase 3 trial,” The Lancet

Oncology, 2021.

D. H. Brand, A. C. Tree, P. Ostler, H. van der Voet, A. Loblaw, W. Chu, D. Ford,
S. Tolan, S. Jain, A. Martin, J. Staffurth, P. Camilleri, K. Kancherla, J. Frew,
A. Chan, I. S. Dayes, D. Henderson, S. Brown, C. Cruickshank, S. Burnett, A. Duffton,
C. Griffin, V. Hinder, K. Morrison, O. Naismith, E. Hall, N. van As, D. Dodds,
E. Lartigau, S. Patton, A. Thompson, M. Winkler, P. Wells, T. Lymberiou, D. Saunders,
M. Vilarino-Varela, P. Vavassis, T. Tsakiridis, R. Carlson, G. Rodrigues, J. Tanguay,
S. Igbal, S. Morgan, A. Mihai, A. Li, O. Din, M. Panades, R. Wade, Y. Rimmer,
J. Armstrong, and N. Oommen, “Intensity-modulated fractionated radiotherapy versus
stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings
from an international, randomised, open-label, phase 3, non-inferiority trial,” The

Lancet Oncology, 2019.

P. M. van Haaren, A. Bel, P. Hofman, M. van Vulpen, A. N. Kotte, and U. A.
van der Heide, “Influence of daily setup measurements and corrections on the estimated

delivered dose during IMRT treatment of prostate cancer patients,” Radiotherapy and

Oncology, vol. 90, pp. 291-298, mar 2009.



BIBLIOGRAPHY 169

8]

[10]

[11]

[13]

[14]

D. J. Fraser, Y. Chen, E. Poon, F. L. Cury, T. Falco, and F. Verhaegen, “Dosimetric
consequences of misalignment and realignment in prostate 3DCRT using intramodality

ultrasound image guidance,” Medical Physics, 2010.

A. Godley, E. Ahunbay, C. Peng, and X. Allen Li, “Accumulating daily-varied dose
distributions of prostate radiation therapy with soft-tissue-based KV CT guidance,”
Journal of Applied Clinical Medical Physics, 2012.

T. C. Huang, K. T. Chou, S. N. Yang, C. K. Chang, J. A. Liang, and G. Zhang,
“Fractionated changes in prostate cancer radiotherapy using cone-beam computed

tomography,” Medical Dosimetry, 2015.

O. Bohoudi, A. M. Bruynzeel, S. Tetar, B. J. Slotman, M. A. Palacios, and F. J.
Lagerwaard, “Dose accumulation for personalized stereotactic MR-guided adaptive

radiation therapy in prostate cancer,” Radiotherapy and Oncology, 2021.

R. Ruggieri, M. Rigo, S. Naccarato, D. Gurrera, V. Figlia, R. Mazzola, F. Ricchetti,
L. Nicosia, N. Giaj-Levra, F. Cuccia, C. Vitale, N. Stavreva, D. S. Pressyanov,
P. Stavrev, R. Pellegrini, and F. Alongi, “Adaptive SBRT by 1.5 T MR-linac for prostate
cancer: On the accuracy of dose delivery in view of the prolonged session time,” Physica

Medica, 2020.

[. Wahlstedt, N. Andratschke, C. P. Behrens, S. Ehrbar, H. S. Gabry$, H. G. Schiiler,
M. Guckenberger, A. G. Smith, S. Tanadini-Lang, J. D. Tascon-Vidarte, I. R. Vogelius,
and J. E. van Timmeren, “Gating has a negligible impact on dose delivered in MRI-
guided online adaptive radiotherapy of prostate cancer.,” Radiotherapy and oncology
. journal of the Furopean Society for Therapeutic Radiology and Oncology, vol. 170,
pp- 205-212, may 2022.

J. Winter, C. Johnstone, V. Kong, J. Dang, P. Chung, J. Padayachee, D. Letourneau,
and T. Tadic, “Impact of Inter-and Intra-Fraction Motion on Delivered Dose
for Prostate SBRT Patients Treated on an MRL-Linac Using a Novel Semi-
Automated Dose Accumulation Framework,” International Journal of Radiation

Oncology*Biology*Physics, 2021.



170

BIBLIOGRAPHY

[15]

[17]

[18]

[19]

[21]

J. Yang, S. Vedam, B. Lee, P. Castillo, A. Sobremonte, N. Hughes, M. Mohammedsaid,
J. Wang, and S. Choi, “Online adaptive planning for prostate stereotactic body
radiotherapy using a 1.5 Tesla magnetic resonance imaging-guided linear accelerator,”

Physics and Imaging in Radiation Oncology, 2021.

M. T. Studenski, R. Delgadillo, Y. Xu, J. Both, K. Padgett, M. Abramowitz, J. C.
Ford, A. Dal Pra, A. Pollack, and N. Dogan, “Margin verification for hypofractionated

prostate radiotherapy using a novel dose accumulation workflow and iterative CBCT,”

Physica Medica, 2020.

C. G. Muurholm, T. Ravkilde, R. De Roover, S. Skouboe, R. Hansen, W. Crijns,
T. Depuydt, and P. R. Poulsen, “Experimental investigation of dynamic real-time

rotation-including dose reconstruction during prostate tracking radiotherapy,” Medical

Physics, vol. 49, no. 6, pp. 3574-3584, 2022.

V. Faccenda, D. Panizza, M. C. Daniotti, R. Pellegrini, S. Trivellato, P. Caricato,
R. Lucchini, E. De Ponti, and S. Arcangeli, “Dosimetric Impact of Intrafraction Prostate
Motion and Interfraction Anatomical Changes in Dose-Escalated Linac-Based SBRT.,”
Cancers, vol. 15, feb 2023.

V. Moiseenko, J. Van Dyk, J. Battista, and E. Travis, “Limitations in using dose-volume
histograms for radiotherapy dose optimization,” in The Use of Computers in Radiation

Therapy, 2000.

F. Buettner, S. L. Gulliford, S. Webb, M. R. Sydes, D. P. Dearnaley, and M. Partridge,
“Assessing correlations between the spatial distribution of the dose to the rectal wall

and late rectal toxicity after prostate radiotherapy: An analysis of data from the MRC
RTO1 trial (ISRCTN 47772397),” Physics in Medicine and Biology, 2009.

R. C. Wortel, M. G. Witte, U. A. van der Heide, F. J. Pos, J. V. Lebesque, M. van Herk,
L. Incrocci, and W. D. Heemsbergen, “Dose—surface maps identifying local dose—effects
for acute gastrointestinal toxicity after radiotherapy for prostate cancer,” Radiotherapy

and Oncology, 2015.



BIBLIOGRAPHY 171

[22]

[25]

[20]

[27]

28]

L. E. Shelley, J. E. Scaife, M. Romanchikova, K. Harrison, J. R. Forman, A. M. Bates,
D. J. Noble, R. Jena, M. A. Parker, M. P. Sutcliffe, S. J. Thomas, and N. G. Burnet,
“Delivered dose can be a better predictor of rectal toxicity than planned dose in prostate

radiotherapy,” Radiotherapy and Oncology, 2017.

A. Witztum, B. George, S. Warren, M. Partridge, and M. A. Hawkins, “Unwrapping

3D complex hollow organs for spatial dose surface analysis,” Medical Physics, 2016.

L. E. Shelley, M. P. Sutcliffe, S. J. Thomas, D. J. Noble, M. Romanchikova, K. Harrison,
A. M. Bates, N. G. Burnet, and R. Jena, “Associations between voxel-level accumulated

dose and rectal toxicity in prostate radiotherapy,” Physics and Imaging in Radiation

Oncology, 2020.

O. Casares-Magaz, S. Biilow, N. J. Pettersson, V. Moiseenko, J. Pedersen, M. Thor,
J. Einck, A. Hopper, R. Knopp, and L. P. Muren, “High accumulated doses to the
inferior rectum are associated with late gastro-intestinal toxicity in a case-control study

of prostate cancer patients treated with radiotherapy,” 2019.

H. A. Gay, H. J. Barthold, E. O’'Meara, W. R. Bosch, 1. El Naga, R. Al-Lozi, S. A.
Rosenthal, C. Lawton, W. R. Lee, H. Sandler, A. Zietman, R. Myerson, L. A. Dawson,
C. Willett, L. A. Kachnic, A. Jhingran, L. Portelance, J. Ryu, W. Small, D. Gaffney,
A. N. Viswanathan, and J. M. Michalski, “Pelvic Normal Tissue Contouring Guidelines
for Radiation Therapy: A Radiation Therapy Oncology Group Consensus Panel Atlas,”
International Journal of Radiation Oncology*Biology*Physics, vol. 83, pp. e353-e362,
jul 2012.

O. Barbosa Neto, L. Souhami, and S. Faria, “Hypofractionated radiation
therapy for prostate cancer: The McGill University Health Center experience,”
Cancer/Radiotherapie, vol. 19, no. 6-7, pp. 431-436, 2015.

NRG Oncology, “Stereotactic Body Radiation Therapy or Intensity-Modulated
Radiation Therapy in Treating Patients With Stage IIA-B Prostate Cancer (NRG-
GU005),” 2017.



172

BIBLIOGRAPHY

[29]

[30]

[34]

[35]

[36]

H. M. Patrick and J. Kildea, “Technical note: rtdsm-An open-source software for
radiotherapy dose-surface map generation and analysis.,” Medical physics, vol. 49,

pp. 7327-7335, nov 2022.

C. Chen, M. Witte, W. Heemsbergen, and M. V. Herk, “Multiple comparisons
permutation test for image based data mining in radiotherapy,” Radiation Oncology,

2013.

L. E. A. Shelley, Accumulating delivered dose to the rectum to improve toxicity prediction

in prostate radiotherapy. PhD thesis, Cambridge UK, 2020.

J. A. Hatton, P. B. Greer, C. Tang, P. Wright, A. Capp, S. Gupta, J. Parker,
C. Wratten, and J. W. Denham, “Does the planning dose-volume histogram represent
treatment doses in image-guided prostate radiation therapy? Assessment with cone-

beam computerised tomography scans,” Radiotherapy and Oncology, vol. 98, pp. 162—
168, feb 2011.

L. Chen, K. Paskalev, X. Xu, J. Zhu, L. Wang, R. A. Price, W. Hu, S. J. Feigenberg,
E. M. Horwitz, A. Pollack, and C. M. Ma, “Rectal dose variation during the course of
image-guided radiation therapy of prostate cancer,” Radiotherapy and Oncology, 2010.

Y. Akino, Y. Yoshioka, S. Fukuda, S. Maruoka, Y. Takahashi, M. Yagi, H. Mizuno,
F. Isohashi, and K. Ogawa, “Estimation of rectal dose using daily megavoltage cone-
beam computed tomography and deformable image registration,” International Journal

of Radiation Oncology Biology Physics, 2013.

J. B. Yu, L. D. Cramer, J. Herrin, P. R. Soulos, A. L. Potosky, and C. P. Gross,
“Stereotactic body radiation therapy versus intensity-modulated radiation therapy for

prostate cancer: Comparison of toxicity,” Journal of Clinical Oncology, 2014.

P. A. Kupelian, K. M. Langen, O. A. Zeidan, S. L. Meeks, T. R. Willoughby, T. H.
Wagner, S. Jeswani, K. J. Ruchala, J. Haimerl, and G. H. Olivera, “Daily variations
in delivered doses in patients treated with radiotherapy for localized prostate cancer,”

International Journal of Radiation Oncology Biology Physics, 2006.



6.9. SUPPLEMENTAL MATERIALS 173

[37] J. M. Pawlowski, E. S. Yang, A. W. Malcolm, C. W. Coffey, and G. X. Ding, “Reduction
of Dose Delivered to Organs at Risk in Prostate Cancer Patients via Image-Guided

Radiation Therapy,” International Journal of Radiation Oncology Biology Physics, 2010.

[38] J. V. Lebesque, A. M. Bruce, A. P. Guus Kroes, A. Touw, T. Shouman, and M. van
Herk, “Variation in volumes, dose-volume histograms, and estimated normal tissue
complication probabilities of rectum and bladder during conformal radiotherapy of T3

prostate cancer,” International Journal of Radiation Oncology, Biology, Physics, vol. 33,

pp. 1109-1119, dec 1995.

[39] D. M. De Muinck Keizer, C. Kontaxis, L. G. Kerkmeijer, J. R. Van Der Voort Van Zyp,
C. A. Van Den Berg, B. W. Raaymakers, J. J. Lagendijk, and J. C. De Boer, “Dosimetric
impact of soft-tissue based intrafraction motion from 3D cine-MR in prostate SBRT,”

Physics in Medicine and Biology, 2020.

6.9 Supplemental Materials



Supplementary Material

SBRT-Pt1
. —q_
Mid
—
Inf T T T
Pos L Ant R Pos
SBRT-Pt5
Sup
~
Mid - -
.
Inf T T T
Pos L Ant R  Pos
SBRT-Pt9
Sup
Mid ~ r—
= 3
Inf T T T
Pos L Ant R Pos
SBRT-Pt13
Sup =
Mid &
Inf T T T
Pos L Ant R Pos
SBRT-Pt17
Sup
Mid
Inf T T T
Pos L Ant R Pos

20
10

-10

-20

20

10

=10

-20

20

10

-10

-20

20

10

-10

-20

20

-10
-20

SBRT-Pt2
Sup
Mid
E__
Inf T T T
Pos L Ant R Pos
SBRT-Pt6
Sup
- ’
Mid
—
Inf T T T
Pos L Ant R Pos
SBRT-Pt10
Sup
Mid
| —
Inf T T T
Pos L Ant R Pos
SBRT-Pt14
Sup
-
Mid
| —
Inf T T T
Pos L Ant R Pos
SBRT-Pt18
Sup
Mid -
Inf T T T
Pos L Ant R Pos

20

-10

=20

20

SBRT-Pt3
Sup
Mid :
—
Inf T T T
Pos L Ant R Pos
SBRT-Pt7
Sup
L !
Mid
Inf T T T
Pos L Ant R Pos
SBRT-Pt11
Sup 2 || -
Mid &
Inf T T T
Pos L Ant R Pos
SBRT-Pt15
Sup o S
Mid &
Inf T T T
Pos L Ant R Pos
SBRT-Pt19
Sup —
=
Mid
-
Inf T ™=
Pos L Ant R Pos

20
10

-10

=20

20

10

=10

=20

20

10

-10

=20

20

10

-10

=20

20

-10
-20

SBRT-Pt4
Sup
Mid
—
Inf T T T
Pos L Ant R Pos
SBRT-Pt8
Sup
Mid - &
Inf T T T
Pos L Ant R Pos
SBRT-Pt12
Sup
Mid &
Inf T T T
Pos L Ant R  Pos
SBRT-Pt16
Sup
i
Mid
Inf T T T
Pos L Ant R Pos
SBRT-Pt20
Sup
Mid __a
-
Inf T T T
Pos L Ant R Pos

Figure S1: Dose difference maps (DDMS) of the SBRT treatment patients, in units of Gy. Subregions with
statistically significant dose differences are contoured in black. Only subregions consisting of five or more continuous

pixels were considered as statistically significant subregions for the purposes of this paper.
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Chapter 7

Summary and Outlook

7.1 Summary

This thesis describes the development and validation of a methodology to accumulate rectal
doses using DSMs. Although radiotherapy for prostate cancer has continued to become more
conformal and complex, our understanding of the dose-toxicity relationship for the rectum
remains limited, allowing rectal toxicity occurrences to persist and to continue to diminish
patients’ quality of life. Due to this ongoing issue, there is a growing need in dose-outcome
research for a form of dosimetric data that better captures the radiation doses patients

experience in a spatially-inclusive manner.

The creation of DSMs to visualize dose to the rectal wall was first reported near the
turn of the millennium [1] based on the then newly emerging field of CT colonography
2, 3]. While usage slowly increased throughout the 2000s, the concept of DSM-based dose
accumulation was not proposed until 2014 [4]. DSM accumulation was founded on the (then
untested) assumption that daily rectal DSMs can be aligned and summed to yield a DSM
of the total delivered rectal dose. This thesis built the necessary software (Chapter 3) to
perform a comprehensive investigation of the validity of and preferable methodology for DSM

accumulation (Chapters 4-5) and demonstrated a use case of the technique (Chapter 6).
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7.1.1 Objective 1: Development of software for DSM calculation

While many research groups have developed code bases for the calculation of DSMs, they
remain largely private and restricted to each group’s preferred calculation approach. For
this reason, the development of our own DSM calculation software (rtdsm) was required
before investigations of DSM-based dose accumulation could begin. We designed rtdsm
as a Python package with modular functions that utilizes information from RT-DICOM
files to construct DSMs. Multiple interacting functions were developed to replicate popular
calculation strategies from the literature for each step of DSM construction (e.g. planar and
non-coplanar slicing), making rtdsm the first DSM calculation software explicitly designed
to implement multiple calculation approaches. Several functions to perform DSM-feature
analysis were also included for the benefit of end-users. rtdsm’s DSM calculation ability was
demonstrated with a small cohort of prostate patient data. On average, rectal DSMs could
be calculated in four seconds when using the planar slicing approach and in 8.5 seconds when
using the non-coplanar slicing approach, making rtdsm a viable platform to calculate DSMs
for large cohorts.

This work primarily served as the foundation to enable the development of a DSM-based
dose accumulation workflow. However, the open-source release of rtdsm on GitHub with
full documentation and tutorials also represents the first intentional public release of DSM
calculation software, with the intention to encourage a more accessible and open-science

atmosphere in the DSM research community.

7.1.2 Objective 2: An evaluation of DSM stability with calculation

approach

Following the completion of objective 1, we next needed to identify the most promising
DSM calculation method for use in rectal DSM accumulation. However, during a literature
review to identify possible candidates we observed discordance in toxicity predictive metrics
derived from differently-calculated DSMs, causing us to question if variable DSM calculation
strategies were creating a reproducibility issue in the field. Therefore, we decided to evaluate

the stability of DSM appearance with calculation approach and the subsequent impact of
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DSM calculation approach on analysis for popular prostate radiotherapy DSM structures. We
undertook this evaluation with the goal of characterizing the stability and identify preferable
calculation methods for each approach.

In chapter 4, we calculated rectum and bladder DSMs using several different
approaches. DSMs were directly compared to one another, as were their features to assess
their equivalence. A cohort comparison was also performed using each style of DSM to
evaluate the stability of analysis results with calculation approach. We found that rectal
DSMs calculated with planar and non-coplanar slice orientation approaches were not
equivalent to one another, and that they tended to identify different statistically dissimilar
subregions when used for cohort comparison. Additionally, we observed DSM features to
be highly sensitive to both slice orientation approach and DSM resolution, which could
subsequently impact analysis results as well. This work demonstrated and confirmed our
suspicion that choice of DSM calculation approach influences the results of DSM-based
studies. These findings represent an important lesson for the DSM research community and
highlight the need for standardization in order to improve reproducibility in the field. In
service of this, the final section of chapter 4 was dedicated to recommending possible best
calculation practices for the rectum and bladder and measures to improve reproducibility
going forwards. Our recommended rectum calculation approach — non-coplanar slicing —

was adopted as our method of choice for our subsequent DSM studies.

7.1.3 Objective 3: Experimental validation of DSM accumulation

The work presented in chapter 5 aimed to quantify the accuracy with which DSM
accumulation can capture the dose delivered to a rectum structure over the course of a
multi-fraction treatment. Although DSM accumulation has been previously performed and
theorized to work [4-7], this study represented the first attempt to validate it
experimentally.

A rectum phantom was constructed to recreate common types of rectum inter-fraction
motion and delivered dose quantified using radiochromic film. Accumulated DSMs were
calculated using our recommended (non-coplanar) and non-recommended (planar) DSM

calculation approaches, as well as from an accumulated dose distributions calculated with
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DIR. Gamma analysis found DSMs to be a good representation of rectal surface dose in a
stationary scenario, as well as in the presence of both inter-fraction filling changes and
translations/rotations. Film-DSM agreement was less when using planar DSMs compared
to non-coplanar DSMs in situations where the angling of the rectum changed. This is
noteworthy as most DSM accumulation studies to date have used planar DSMs. It was also
found that DSM accumulation outperformed DIR-based dose accumulation for the specific
commercial intensity-based algorithm tested in this study. This suggested that DSM
accumulation may be a viable and possibly preferable means of rectal dose accumulation in
cases where only intensity-based or no DIR software is available. Further work is, however,
required to test the performance of DSM accumulation for more complex inter-fraction

motion scenarios and for use with other organs.

7.1.4 Objective 4: Practical demonstration of DSM accumulation

As a final objective, we aimed to demonstrate the use of DSM accumulation with
real-world clinical data. Inspired by our clinic’s shift to prostate SBRT treatments during
the COVID-19 pandemic that occurred partway through this project, we decided to
compare the agreement between planned and delivered rectum doses for our previous
(IMRT) and new (SBRT) standard treatments. Planned and accumulated DSMs were
calculated for 20 patients from each treatment arm using the methodology developed in
objective 3. In addition, we quantified global and localized changes in rectal shape over the
course of treatment to determine if dosimetric differences identified with DSMs could be
related to these changes.

Planned and delivered rectal doses were compared using DSMs on a patient-by-patient
and cohort level. The SBRT treatment was found to have a smaller proportion of patients
with statistically different planned and delivered rectum doses compared to the IMRT
treatment. These differences were also limited to smaller areas of the rectal wall. On a
cohort level, systematically lower posterior rectal wall doses were observed for the IMRT
cohort. No statistically significant dosimetric differences were observed for the SBRT
cohort, suggesting that patients on the SBRT treatment may be treated more accurately to

plan than the IMRT cohort. On further analysis, the dosimetric differences observed for
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the IMRT cohort were found to be well correlated with changes in rectum shape in the
region where the significant dose differences occurred. Minimal changes in rectal shape over
the course of treatment could also explain the SBRT cohort results. This study marks the
first investigation of dose delivery accuracy of hypofractionated and SBRT prostate
radiotherapy treatments with DSMs and demonstrates that spatial differences between
planned and delivered doses are attributable to localized changes in rectal shape. While
these results are promising, future work is required to determine whether or not a
systematic factor led to the variations seen in the IMRT cohort and repeat the experiment

with a larger sample size.

7.2 Future Directions

The work encompassed by this thesis provides a detailed investigation of the current state
of DSM research and demonstrates several potential avenues for new applications and
improvements going forwards. While the potential for DSMs is vast, we present the
following areas of future research for particular consideration as they relate directly to the

present work.

7.2.1 Further investigations of DSM-based dose accumulation

The work presented in chapter 5 indicates that DSM-based dose accumulation can yield
accurate representations of total delivered dose to the surface of a tubular organ. As DIR-
based dose accumulation for the rectum is complicated by material density changes, DSM-
based accumulation may provide an alternative approach for cases where traditional DIR
dose accumulation struggles. DSM accumulation may also be of interest to centres with
fewer resources interested in dose accumulation that are unable to purchase clinical DIR
software featuring current cutting-edge algorithms.

While all deformation scenarios shown in this work had good agreement between
measured and accumulated rectum surface dose, it is important to note that they do not
represent all possible motion and deformation scenarios. It is possible that certain untested

scenarios may yield lower DSM accumulation accuracy. Future studies should be performed
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to investigate DSM accumulation accuracy in the presence of more complex forms of
inter-fraction rectal changes. One particular area to focus on in more detail is scenarios of
rectal expansion and contraction that utilize more elastic phantoms. The calculation of
DSMs often uses equiangular sampling, under the assumption that the rectum expands and
contracts isotropically, which may or may not hold in reality. A possible avenue for future
research could be testing the validity of this assumption using phantoms constructed of
rubber or ex wivo tissue that replicate the properties of human bowel tissue. Such
investigations could make use of point dosimeters such as TLDs or scintillators embedded
in the phantom material to evaluate DSM accumulation, as well as other methods of dose
accumulation as appropriate.

In addition to investigating DSM accumulation for more complex deformation scenarios
of the rectum, it may also be of interest to investigate the use of DSM accumulation for other
organs. Dose accumulation for the trachea and esophagus may be particularly promising as
they are likely to present fewer complex deformations over the course of treatment and may
be more straightforward to investigate. DSM accumulation for the vagina could also be
explored in some capacity, as DSM addition of cervical EBRT and brachytherapy doses may
be more accurate than DIR-based approaches that often struggle with the presence and

removal of brachytherapy applicators [8].

7.2.2 Further clinical studies

In chapter 6 we identified systematic changes in rectal shape over the course of treatment
for patients in our IMRT cohort that resulted in significantly different rectal doses from
what was planned, but not in our SBRT cohort. Although we speculated that this may
have been the result of more stringent application of IGRT and set-up protoccols in the
SBRT group, the underlying cause has yet to be determined. Identification of contributing
factors will be required should clinicians wish to mitigate their effects in future practice.
Future work in this area should also involve determining whether or not these findings were
cohort-specific or generalizable to larger patient populations. Collaborations with clinician
partners to identify and test for potentially contributing clinical factors are also a must. For

example, investigations into whether or not contouring uncertainties and treatment planning
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criteria influenced the results of our study are required to rule out these factors. Further
follow-up studies with larger cohort sample sizes would also allow for the identification of
the pervasiveness of these patterns in broader clinical practice. Only then can we determine
what, if any, adjustments should be made to existing treatment delivery protocols going
forwards to improve dose delivery accuracy.

In addition to further investigations into the causes of variations between planned and
accumulated DSMs, we would also recommend that future DSM studies investigate the
dose-outcome relationships for accumulated SBRT and hypofractionated treatments.
Currently, both planned and accumulated DSM dose-outcome studies are limited to
conventionally-fractionated treatments, providing an easy opportunity for discovery in
SBRT studies. Accumulated DSM dose-outcome studies of SBRT treatments could allow
for the identification of toxicity-predictive spatial dose patterns, better informing design of
SBRT treatments. This in turn could increase clinician confidence that toxicities can be
avoided during SBRT and contribute to increased prostate SBRT adoption. In an effort to
facilitate such research, we have already been actively recruiting prostate SBRT patients
and collecting patient-reported outcomes for a future dose-outcome study. Recruitment is
expected to be completed sometime next year, at which point a future student will conduct

analysis.

7.2.3 Improvements to DSM calculation software

During the course of the thesis, a code package for DSM calculation, rtdsm, was created.
While the initial release of the package outlined in chapter 3 provided resources for key
DSM calculation and analysis operations, there are still many avenues in which open-source
DSM research software can be advanced. For example, in the discussion at the end of
chapter 3, we briefly mentioned that the inclusion of other DSM analysis techniques into
rtdsm beyond feature calculation should be prioritized. We are pleased to say that since
that publication we have successfully developed an implementation of the popular multiple
comparisons permutation test first described by Chen et al [9] that will be added to rtdsm
this spring. In addition to the original implementation, we have also taken steps with the

input of a statistician to create a paired version of the test (chapter 4 supplement), as well
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as including the option to perform one- and two-sided versions of the test to expand the
possible hypotheses that can be tested with it.

Long term, future developments should focus on improving surface mesh-generating and
non-coplanar sampling methods. Currently, the method used to generate 3D surfaces in
rtdsm consists of creating voxelated 3D objects and applying a smoothing filter to obtain
an appropriate surface mesh. This solution was used as available Python implementations
of the (otherwise preferred) Delaunay triangulation method to create surface meshes
struggled to create continuous rectum meshes. Exploring other surface mesh generating
methods or developing custom implementations of existing ones could serve to improve
future structure representations. Development of alternative central-axis path computation
methods [3, 10] could also stand to benefit the non-coplanar slicing method by better
avoiding the creation of overlapping slices, reducing quality check and correction time and
increasing overall computation speed.

Another key area for future investigation would be the development of a finite element
modelling (FEM) based calculation approach. Unlike the typical methods of DSM
calculation, FEM-based techniques explicitly consider the material properties of the organ
of interest and deform a cylindrical mesh of sampling points to a contour. Such an
approach may be better suited for dose accumulation purposes and yield better
representations of total delivered dose in scenarios where isotropic rectal expansion may
not exist, as touched on earlier. While an existing FEM software package has been used for
DSM accumulation on one occasion [11], the development of a free, open-source version
using existing FEM Python libraries could greatly increase the number of organs and ways

in which DSMs could be studied.

7.2.4 Broader clinical adoption of DSMs

Currently, DSMs are primarily used in a research context to evaluate the dose-outcome
relationships between organ dose and toxicity, with the aim of identifying predictive spatial
dose patterns. However, the spatial dose visualization that DSMs offer has the potential
to benefit both clinicians and patients in numerous ways by allowing for a straightforward

review of spatial dose distributions.
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One of the immediate possible clinical applications of DSMs and DSM-based dose
accumulation is dose monitoring throughout the course of treatment. In a workflow similar
to offline adaptive radiotherapy, clinicians could monitor total dose to specific (hollow)
organs at risk over the course of treatment by contouring and calculating dose on daily
images and accumulating their DSMs. These accumulated DSMs could be used to identify
early indications that OAR total delivered doses may exceed tolerance limits by the end of
treatment and allow time for treatment adjustments to be made. The workflow of this
process could be largely automated by integrating automated contouring and planning
tools into it, and the limiting of dose accumulation to a single or handful of OARs could be
expected to further decrease computation time relative to full adaptive radiotherapy
protocols. Based on the work of this thesis, rectum and esophageal structures would be
promising first candidates to test this application, as they both exhibit frequent radiation

toxicities and are structures that DSM accumulation should be valid for.

Alternatively, the same retrospective dose accumulation process could also be applied to
investigate delivered organ dose in patients who experience acute or late toxicities.
Oftentimes clinical evaluations of radiotherapy morbidities are limited to revisiting
treatment plans and consulting IGRT images and clinical notes for possible explanations.
By also including planned and accumulated DSMs in this review process, clinicians would
be able to evaluate the intended and actual dose to the OAR and better identify potential
reasons for the morbidity. This could be used on an individual patient basis, or as a larger

retrospective practice review to guide adjustments in local practice.

A more distant clinical application of DSMs would be their integration and use in
treatment planning systems for plan optimization and review. This application is relatively
obvious based on the primary research application of DSMs and the main objective of DSM
dose-outcome studies. However, several issues need to be addressed in the DSM field before
this application can be considered feasible. As demonstrated in chapter 4, the current
landscape of DSM research is highly unstandardized and subject to limited reproducibility,
limiting the accrual of evidence to support specific dose-outcome responses.  The
establishment of DSM-based dosimetric constraints are therefore conditional on the

adoption of standard DSM calculation methods for each OAR in order to identify
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reproducible responses and ensure they will be applicable to the DSMs used clinically.

Development of treatment optimization algorithms using DSMs instead of DVHs will also

be required to demonstrate proof-of-concept for treatment planning usage and increase the

likelihood of clinician and industry buy-in.
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