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Abstract

External beam radiation therapy for prostate cancer can result in urinary, sexual, and
rectal side effects, often impairing quality of life. A polyethylene glycol-based product,
SpaceOAR c© hydrogel (SOH), implanted into the connective tissue between prostate
gland and rectum can significantly reduce the dose received by the rectum and hence
risk of rectal toxicity. The optimal way to manage the hydrogel and rectal structures
for plan optimization is therefore of interest.

A retrospective planning study was completed with 13 patients to examine optimal
planning and treatment methods. Computerized tomography (CT) scans were taken
pre- and post-SOH implant. Six hypofractionated (60 Gy in 20 fractions) treatment
plans were produced per patient using either a structure of rectum plus the hydrogel,
termed composite rectum wall (CRW), or rectal wall (RW) as the inverse optimization
structure and intensity modulated radiotherapy (IMRT) or volumetric modulated arc
therapy (VMAT) as the treatment technique. Dose-volume histogram metrics were
compared between plans to determine which optimization structure and treatment
technique offered the maximum rectal dose sparing. RW structures offered a statisti-
cally significant decrease in rectal dose over CRW structures, whereas the treatment
technique (IMRT vs VMAT) did not significantly affect the rectal dose. However,
there was improvement seen in bladder and penile bulb dose when VMAT was used
as a treatment technique over IMRT. Overall, treatment plans using the RW opti-
mization structure offered the lowest rectal dose while VMAT treatment technique
offered the lowest bladder and penile bulb dose. These treatment techniques and
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optimization structures have now been implemented at BC Cancer - Victoria based
on this retrospective study.

SOH implant has been shown not to be equally effective in all patients. Determin-
ing a priori patients in which the implant will offer most benefit allows for effective
management of SOH resources. Several factors have been shown to be correlated to
reduction in rectal dose including distance between rectum and planning treatment
volume (PTV), volume of rectum in the PTV and change in rectum volume pre- to
post-SOH. Several of these factors along with other pre-SOH CT metrics were found
via multiple linear regression models to predict reduction of rectal dose using data
from 21 patients who received SOH implant. Two high rectal dose metrics were mod-
eled, change in the relative volume receiving 55 Gy (∆RV55Gy) and change in the
partial high dose integral (∆HDI), integrating over the dose-volume histogram (DVH)
from 55 Gy to 60 Gy. Models were also produced to predict pre-SOH RV55Gy (Pre-
RV55). These models offered R2 between 0.57 and 0.87 with statistical significance
in each model. Applying a 3.5% lower limit on pre-SOH RV55Gy removed one third
of patients as implant candidates. This may offer a clinically useful tool in deciding
which patients should receive SOH implant given limited resources. Predictive mod-
els, nomograms and a workflow diagram were produced for clinical management of
SOH implant.
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Chapter 1

Introduction

A recent estimate by the Canadian Cancer Society predicts that about 1 in 2 Cana-
dians will be diagnosed with cancer in their lifetime and 1 of 4 will die of the disease.
Prostate cancer is the leading diagnosis site excluding skin in Canadian men with over
20 000 new cases in 2017.1 Prostate cancer is treated with three major techniques:
surgery, chemotherapy and radiotherapy. Radiation therapy (RT) may be used in
conjunction with surgery or chemotherapy or as a standalone treatment to provide
targeted radiation damage. Due to its effectiveness in tumour control, approximately
half of all cancer patients receive a course of RT.2 Advances in RT, such as inten-
sity modulated radiotherapy (IMRT) or volumetric modulated arc therapy (VMAT),
produce more conformal radiation distributions to improve tumour control while re-
ducing radiation to the surrounding organs at risk (OAR).3,4 A pre-RT supportive
implant, called SpaceOAR c© Hydrogel (SOH), is being clinically implemented at BC
Cancer - Victoria to reduce rectal normal tissue complications in prostate cancer RT.
The aim of this work is to optimize the implementation of SOH as a clinical treat-
ment option at BC Cancer - Victoria by comparing modulated treatment techniques
and structures in treatment planning optimization. In addition, predictive models
were developed to determine a priori the effectiveness of SOH in reducing rectal dose
in any given patient. This chapter will offer an overview of radiotherapy, the SOH
technology and describe the scope of the presented thesis.
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1.1 Radiation Therapy

Radiation therapy, or radiotherapy, is the targeted use of mostly highly energetic
photons to destroy cancerous lesions. Radiotherapy may be used as a stand alone
treatment or in conjunction with chemotherapy or surgery. Chemotherapy is a less
local approach offering cell kill through identifying characteristics associated with
cancerous cells. Chemotherapy is commonly used in conjunction with radiotherapy
to provide targeting agents or radiosensitizers to the tumour volume increasing the
effect or radiation damage within the cell. Surgery is a targeted approach to cancer
treatment removing the gross volume of a solid tumour. Post-operative radiotherapy
treatment is often used to remove local and regional residual disease.

Radiation damage through high energy photons increases the incidence of cell
death within the region irradiated. Radiotherapy photons within the MeV range
interact in the patient through a series of photon interactions with molecules and
electrons. These electrons are emitted with some transferred energy causing further
interactions with molecules creating a cascading chain reaction. This cascade effect
continues until the photon and electron energies have been depleted or the particle has
been scattered away. As electron energy begins to decrease, the speed of the electrons
decreases in turn increasing the probability of particle interactions at a localized
region near the end of the electron track. This produces a cluster of ionizations which
can break bonds between molecules. This effect causes double strand breaks within
DNA in the cellular nucleus causing irreparable damage, often resulting in cell death.
Radiation damage can be described using absorbed dose in units of gray (Gy) defined
as absorbed energy per unit mass. Radiotherapy targets tumour volumes, however
the same radiation damage may occur in healthy irradiated tissue causing normal
tissue complications.

Research on the relationship between dose of radiation and cell survival revealed
that fractionated dose often offers a more effective method to deliver tumour cell kill
compared to single dose.5 Fractionation is the delivery of small doses of radiation over
several days to produce a larger total dose to the cancerous cells. The interaction
between irradiation of healthy and tumour cells is a complicated process which is mod-
eled through the tumour control probability (TCP) and normal tissue complication
probability (NTCP) models.6 However, fractionation provides healthy cells recovery
time prior to the following fraction and therefore reduces OAR normal tissue com-
plications. Standard fractionation is 2 Gy per fraction with secondary fractionation



3

schemes such as hyperfractionation (less than 2 Gy per fraction) or hypofractionation
(greater than 2 Gy per fraction) employed to offer clinical benefit for tumour control,
normal tissue complications and patient convenience. Prostate cancer hypofraction-
ation treatments have shown to be non-inferior to standard fractionation in terms of
tumour control and genitourinary and gastrointestinal toxicities.7–9 BC Cancer - Vic-
toria has adopted hypofractionated clinical prescriptions of 73.65 Gy in 28 fractions
and 60 Gy in 20 fractions for treatment of prostate cancer.

Figure 1.1: Varian TrueBeam STx linear accelerator at BC Cancer - Victoria with
gantry and patient couch used for external beam radiotherapy treatment.

Major improvements in EBRT dose shaping occurred with the development of
collimation. The first of these improvements was three-dimensional conformal radio-
therapy (3D-CRT) which used multi-leaf collimators to produce geometric shaping
to fit the desired target volume offering a large improvement over previous cut-out
collimation. The same multi-leaf collimators were then moved in a step and shoot or
a moving window fashion to modulate the fluence of the beam creating a technique
called intensity modulated radiotherapy (IMRT). 3DCRT and IMRT techniques are
delivered using a static gantry set-up at several gantry positions.10 Additional im-
provements allowed for a continuous arc of radiation to be delivered to the patient
termed volumetric modulated arc therapy (VMAT) with fluence being modulated
through photon dose rate and gantry speed variations.11 In modern cancer centers,
both IMRT and VMAT techniques are often used to treat patients.12 The linac shown
in Figure 1.1 is a Varian TrueBeam Stereotactic Treatment (STx) residing at BC Can-
cer - Victoria with the ability to deliver IMRT and VMAT to patients with localized
prostate cancer. These radiation delivery techniques are often combined with imag-
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ing to create image guided radiotherapy (IGRT) allowing for more accurate patient
positioning.13

1.2 Delivery of Radiation Therapy

Patient treatment with radiation began the year after the discovery of X-rays in 1895.5

By the 20th century, studies reported an increased use of radiation in medicine to
treat cancer. Initially, skin cancers were most often treated due to the low penetration
depth of the x-rays produced. Depth of the treated lesions increased as produced pho-
ton energy increased.13,14 The field continued to grow with the addition of superficial,
orthovoltage, Cobalt teletherapy and MeV linacs.

Modern radiotherapy treatment is delivered using external beam therapy (EBRT)
machines or through radionuclide implants. Superficial and orthovoltage therapy
use low energy x-rays produced from X-ray tubes to treat skin lesions at shallow
depths. Gross tumour volumes deep within tissue are treated with high energy pho-
tons produced by linacs. Alternatively, radionuclides are permanently or temporarily
implanted allowing for radioactive decay products to destroy cancerous lesions. These
modern radiotherapy techniques are capable of curing many cancer sites, but may also
be used in conjunction with surgery or chemotherapy to further improve the thera-
peutic ratio. Additionally, palliative radiotherapy is often used to improve patient
quality of life (QOL) during end-of-life care.

Figure 1.2: CT scan of patient pelvic anatomy with no contours (left), and contours
(right) from a prostate cancer 60 Gy in 20 fraction treatment planning protocol.

Teletherapy courses begin by imaging the patient anatomy for treatment planning
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and simulation of radiation dose which require electron density information available
from a computed tomography (CT) scan. The patient is immobilized to allow for con-
sistent anatomy position through radiotherapy treatment. In the context of prostate
cancer, patients are also given a specific bladder and bowel protocol that they must
adhere to prior to planning CT and all subsequent treatments to ensure consistency
in rectal and bladder volumes. The CT scan is imported into a treatment planning
software where OAR and target structures can be delineated (see Figure 1.2) and
dose calculations can be performed. The final step before beginning the course of
treatment is development of a treatment plan. Fixed beams (IMRT) or arcs (VMAT)
are positioned around the patient based on a planning target volume (PTV). Inverse
treatment planning is completed by varying optimization objectives set on structures
until site specific plan evaluation goals are achieved. A successful treatment plan
provides both specific dose coverage of the clinical target volume (CTV) and PTV
while meeting OAR dose-volume objectives.

Figure 1.3: Prostate cancer IMRT treatment plan depicting simulated dose distribu-
tion (top) and DVH (bottom) for prostate cancer treatment plan. The DVH colours
correspond to the coloured contours seen in Figure 2.
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OAR dose-volume objectives are based on clinical trials relating dose to normal
tissue complications with many results being collected and reported as QUANTEC
data.15 These objectives are maximum dose-volume relationships, for example, the
volume of an OAR receiving 37 Gy may not exceed 50% of the OAR volume. Dose-
volume objectives can be compiled to produce a clinical protocol consisting of plan
evaluation objectives for each OAR and targets for a given treatment site. Figure
1.3 depicts a DVH and dose distribution for prostate cancer treatment in which the
prostate has been completely covered while dose decreases moving away from the
PTV allowing for reduced dose to OAR such as the rectum and bladder. A treatment
plan may not achieve all OAR plan evaluation objectives and PTV coverage and
radiation oncologists need to make compromises between target coverage and OAR
dose-volume objectives.

Treatment planning provides simulated dose distributions and as such dose deliv-
ered may vary from planning dose distribution. Quality assurance (QA) is performed
on both the algorithms used for simulation and linacs delivering radiotherapy to
minimize discrepancies. Additionally, improvements are made to dose calculation al-
gorithms to improve the accuracy of treatment planning software. The planning dose
distributions can be described using dose volume histogram (DVH) analysis for each
OAR, creating metrics which relate dose to OAR side effects.

1.3 SpaceOAR Hydrogel

For intermediate risk prostate cancer patients, the CTV consists of the prostate and 1
cm of the seminal vesicles (SV).16 The planning target volume (PTV) is a geometric
volume designed to address planning and setup uncertainties and is created by adding
margins to the CTV. OAR include the rectum, bladder, penile bulb, and femoral
heads. Irradiation of these OARs lead to a large variety of side effects associated
with bowel, urinary17 and sexual functions.18 These side effects can be attributed to
DVH characteristics. Studies have shown that the rectum is the dose-limiting organ
in prostate radiotherapy.7,19 High dose to a portion of the rectal volume results in
high probability of rectal complications, including the volume of the rectum receiving
70 Gy (RV70Gy) >25% which has been correlated with Grade 2 or higher rectal
complications.20,21 Due to the proximity of prostate and rectum, a portion of the
rectum often lies within the PTV resulting in a high dose to that small region of
the rectum as seen in the contoured CT scan in Figure 1.2. Reducing the amount
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of rectum in the PTV by creating space between the prostate and the rectum may
result in a lower incidence of rectal complications.

Various techniques have been used to produce prostate-rectum space including
polyethylene-glycol (PEG) hydrogels, hyaluronic acid spacers, collagen spacing and
biodegradeable endorectal balloons.22–25 These spacers produced varied results of re-
duced rectal dose with the endorectal balloon24 and PEG spacers25 offering the best
rectal sparing. However, PEG spacers have more consistently been shown to create
peri-rectal space, improve stability of rectal position25 and require a single procedure
prior to RT making them a more convenient option for patient treatment.26

Figure 1.4: Artist rendition of pelvic anatomy with SpaceOAR hydrogel insert be-
tween the prostate and rectum. Taken from Augmenix Inc.27

Augmenix Inc. has produced a commercially available PEG spacer termed Space-
OAR c© hydrogel (SOH). SOH is implanted transperineally (Figure 1.4), often during
the implant of gold fiducial markers, and maintains its structure for 3 months during
the course of radiotherapy before being absorbed by the body after 6 months.28,29

Prior to clinical trials, the effectiveness of SOH to reduce rectal dose in prostate
cancer EBRT treatment was studied on cadavers.25

Recent clinical studies have indicated SOH improves bowel, urinary and sexual
QOL in prostate cancer patients30,31 with the improved bowel QOL being corre-
lated with a reduction of rectal dose.30,32–36 Several studies, including Mariados et
al. and Song et al., showed a reduction of RV70Gy by more than 25% post-SOH im-
plant.32,33,37 Many other studies indicate a decrease of rectal dose between pre- and
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post-SOH treatment plans.34,38–40 Figure 1.5 summarizes the rectal dose reduction
from pre- to post-SOH treatment plans observed in five studies. In many cases, the
volume of the rectum receiving 100% of the prescription dose was reduced to 0% as
the rectum was moved away from the prostate. SOH has been shown to effectively
reduce rectal dose and the associated rectal complications involved with prostate can-
cer EBRT. Rectal dose-volume reduction in SOH published studies was around 10%
for doses below 85% relative prescription dose and around 5% for doses above 85%
(Figure 1.5).

Figure 1.5: Reduced DVH metrics for relative rectal volume with application of SOH
through five studies.32,33,38–40

1.4 Thesis Scope

In November 2017, five patients at BC Cancer - Victoria received the SpaceOAR c©
hydrogel implant marketed by Augmenix thanks to funding from Island Prostate
Center. An institutional research ethics board approved a retrospective planning
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study of SOH. Two treatment plans were produced on pre-SOH CT scans while four
treatment plans were produced on post-SOH CT scans for each patient allowing for
effective evaluation of the dose reduction due to SOH.

By February 2019, twenty-two patients had received SOH implant producing DVH
data required for two studies. The first study used an initial patient pool of thirteen
patients to compare and contrast the rectal wall (RW) and composite rectal wall
(CRW) optimization structures and IMRT and VMAT treatment techniques in terms
of rectal dose sparing requiring six treatment plans to be produced per patient. The
second study examined treatment plans from twenty-two patients for correlation be-
tween pre-SOH anatomy and rectal dose reduction. A predictive model of rectal dose
reduction was produced using anatomical features from the pre-SOH CT scan. Both
studies were performed to optimize the effectiveness of SOH implant.

In this thesis, Chapter 2 will offer background information on radiotherapy and
SOH implant techniques. This includes particle interactions in the context of both
radiotherapy and medical imaging. Additionally, the contouring of critical OAR struc-
tures and the inverse optimization treatment planning method will be discussed in
detail.

Chapter 3 will discuss the rectal dose reduction available in the application of com-
posite rectal and rectal wall optimization structures and IMRT and VMAT treatment
techniques for SOH based, hypofractionated prostate radiotherapy. These results will
be put in perspective by comparing to results from a number of clinical trials. Results
will offer guidelines to clinicians creating 60 Gy in 20 fraction protocols for prostate
EBRT with SOH implant.

Chapter 4 will present a predictive model of the decrease in rectal dose from pre-
SOH to post-SOH treatment plans. SOH implant is an expensive treatment option
and as such, sufficient rectal dose reduction should be expected for a patient to receive
a pre-RT supportive implant. Patient anatomy information available on the pre-SOH
CT scan were used as predictors of change in RV55Gy (∆RV55) and high dose integral
from 55 to 60 Gy of the rectal DVH (∆HDI). The models will aid in clinical decision
making to offer SOH as an additional treatment option for prostate EBRT patients.

Chapter 5 will summarize the preferred optimization structure and treatment
technique for prostate EBRT with SOH and present models and factors which predict
the reduction in rectal dose. Additionally, a suggestion of future direction will be
presented along with concerns or considerations about the presented work.
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Chapter 2

Background

2.1 Particle Interactions

Radiotherapy treatment is often performed with photons, electrons or both. The par-
ticle interaction process in the body is important to characterize to ensure accurate
simulation of particle interactions took place within treatment planning softwares.
In photon radiotherapy, the photon enters the tissue and imparts energy to elec-
trons through a series of interactions. The electrons then travel through the tissue
depositing energy through charged particle interactions such as Coulomb effect and
Bremsstrahlung, or braking, radiation. The photon and electron interactions in tissue
are described below.

2.1.1 Photon Interactions

Photon interactions are the first step of energy deposition in photon radiotherapy.
There are several different mechanisms of photon interaction, with each occurring
at an energy dependent probability. This interaction probability has been described
by the mass attenuation coefficient of a given material. Figure 2.4 indicates the
mass attenuation coefficients for water and lead as it varies with energy. The four
interactions of interest are photoelectric effect, coherent/incoherent scattering, and
pair production. Each of these interactions have a region in which they are dominant
processes, with radiotherapy treatment generally delivered in photon energies ranging
from 0.1 - 20 MeV. Characterizing the interactions will aid in describing radiation
damage to tissue.
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Figure 2.1: Mass attenuation coefficient for water (left) and lead (right) describing
dominant regions of photoelectric effect, pair production, coherent and incoherent
scattering. Taken from Salvat et al.41

2.1.1.1 Photoelectric Effect

Photoelectric effect is the dominant photon interaction for energies below one electron
rest energy, 0.511 MeV. The photoelectric effect describes the emission of bound
electrons once excited by a photon. This excitation of an electron requires a minimum
energy to occur dependent on the binding energy of the electron shell. The energy
transferred to the excited electron is described as follows:

Etr = hν −B (2.1)

In this case, hν describes the energy of the incident photon and B is the binding
energy of the electron orbit. This binding energy depends on both the material, and
the shell of the excited electron which is generally an inner electron orbit.

2.1.1.2 Coherent & Incoherent Scattering

Coherent and incoherent scattering occur when a photon interacts with a target elec-
tron. Coherent scattering, also known as Rayleigh scattering, results in a change
in direction of the photon emitted with no loss of energy. A photon interacts with
an outer shell electron, is absorbed and subsequently re-emitted in a new direction,
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effectively scattering the incident photon. The cross section of this interaction varies
with the atomic number of the absorber (Z) and the energy of the incident photon
(hν).

σR =
Z

(hν)2
(2.2)

Coherent scattering is not a dominant process at any energy, with contributions
given in the region of photoelectric effect. As such, coherent scattering is not a major
interaction at therapeutic radiation energies.

Figure 2.2: Compton scattering effect.

Meanwhile, incoherent, or Compton, scattering is the dominant effect at thera-
peutic energies causing the majority of energy transfer due to photons. This describes
the process in which a photon strikes and transfers energy to a target electron. The
resulting electron and scattered photon are emitted at two separate angles with scat-
tered photon energy as follows:

Eγ′ =
Eγ

1 + Eγ
moc2

(1− cos θ)
(2.3)

The scattered photon energy, Eγ′ , is dependent on the incident photon energy, Eγ,
and the electron rest energy, moc

2. This process is dominant between 0.1-10 MeV.

2.1.1.3 Pair Production

Pair production is a photon interaction process which begins to occur at energies
higher than 1.022 MeV, or two times the electron rest energy. This process occurs
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when a photon near a nucleus produces an electron-positron pair, releasing the 1.022
MeV activation energy required to produce the pair as seen in Figure 2.3. The pair
are emitted at symmetrical angles, with each receiving half of the transferred energy.
Total energy transferred from the pair production interaction can be described as
follows:

Etr = hν − 1.022MeV (2.4)

where, hν is the incident photon energy. Once the energy has been transferred,
the electron and the positron particles move freely away from the interaction site.

Figure 2.3: Pair production interaction producing an electron-positron particle pair.

2.1.1.4 Characteristic X-Rays & Auger Electrons

Characteristic x-rays may be emitted after a photon has interacted with a bound
electron. These x-rays, whose energy are highly element dependent, are emitted
when an electron moves from a highly bound state to a lower bound state within
the atom. This process often occurs through photon interactions in which a photon
expels a lower shell electron, such as a K-shell electron. A higher shell electron, such
as an L-shell electron, may then move to the lower state emitting a photon. This
photon may subsequently interact with an additional electron, ejecting it from the
atom. The ejected electrons have been termed Auger electrons.
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2.1.2 Electron Interactions

Electron interactions can be described as general charged particle (CP) interactions
which may also apply to positron interactions. These interactions occur with the use
of electron beams, or after photons have released electrons from bound states. These
CP interactions are described using stopping powers, which is a CP counterpart of
mass attenuation coefficients. The mass stopping power is related to the mean energy
lost by CP over a unit distance. It can be used to describe three types of interactions:
soft and hard collisions when the particle is outside the nucleus of the atom and
bremsstrahlung radiation emission when the charged particle is within the radius of
the atom. The total stopping power expression is a combination of both collisional
and radiative stopping powers which describe these interactions (see Figure 2.5).

Figure 2.4: Collisional (top) and radiative (bottom) stopping powers for lead, alu-
minum and water. Taken from Podgorsak.42

2.1.2.1 Soft & Hard Collisions

Collisions between CP may occur when electrons interact closely with an atom and
its electron cloud as depicted by Figure 2.5. Hard collisions characterize an electron
emitted from the atom when the electron is a distance of approximately one atomic
radius (ie., b ∼ a) away from the nucleus. The incident electron collides and expels an
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Figure 2.5: Image of charged particles interacting with nucleus where a is the atom
radius and b is the distance to the interacting CP.

electron from its bound state after transferring energy. A characteristic x-ray for the
atom is then produced as a higher shell electron fills the space produced in the hard
collision. The x-ray is dissipated through photon interactions and the two electrons
exit the electron cloud. A soft collision occurs when an electron is outside the radius
of the atom (ie., b » a) which results in small transfer of energy to nearby electrons
due to Coulomb forces between the CP and the whole atom. This interaction is the
most probably type of interaction between a CP and an atom.

Soft and hard collisions can be described through the collisional stopping power
expression. The following expression can be used for both positrons and electrons
with slight variations in functional form.43

(
S

ρ

)
col

=

(
2πr2emoc

2

β2

)(
ZNA

A

)[
ln

(
T 2

I

)
+ ln(1 +

τ

2
+ F∓(τ)− δ

]
(2.5)

The variables include the kinetic energy of the electron, T , the rest energy of
the electron, moc

2, ratio of kinetic to rest energy, τ = T
moc2

, the ratio of electron
speed and speed of light, β, atomic number of the target atom, Z, atomic mass
of target atom, A, Avagadro’s number, NA, and the mean excitation energy of the
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medium. The collisional stopping power for electrons and positrons varies only by
the functional form expression, F∓(τ). The functional expressions for electrons and
positrons respectively are expressed below in Equation 2.6. Note that the forms are
related to β and τ .

F−(τ) = (1− β2)

[
1 +

τ 2

8
− (2τ + 1)ln2

]
(2.6a)

F+(τ) = 2ln2− β2

12

[
23 +

14

τ + 2
+

10

(τ + 2)2
+

4

(τ + 2)3

]
(2.6b)

The above forms can be used to describe the stopping power of electrons (Eq.
2.6a) and positrons (Eq. 2.6b), approximating energy lost through soft and hard
collision interactions.

2.1.2.2 Bremsstrahlung Radiation

A CP passing through the radius of an atom (ie., b � a) may either be deflected
only or lose nearly all energy through inelastic radiative interactions. Loss of energy
through radiative interactions can be described by the radiative stopping power:(

S

ρ

)
rad

=

(
ρ2

moc2

)(
Z2NA

137A

)
(T +moc

2)Brad (2.7)

The rate of radiative energy loss is related to density, ρ, and atomic number, Z, of
the material and subsequently the kinetic energy, T , of the incoming CP. This radia-
tive loss is quite common in radiotherapy and is emitted after an electron experiences
a strong deceleration due to Coulomb interactions.43 The change in direction causes
radiation emission termed bremsstrahlung, or braking, radiation. Brehmsstrahlung
interactions produce photons within x-ray tubes or linacs but also occur within tissues
causing large changes in CP direction.

2.2 Medical Imaging

Medical imaging is employed in many steps of the radiotherapy process. This includes
imaging for diagnosis, for treatment planning and for patient alignment in radiother-
apy. Modalities such as positron emission tomography, computed tomography (CT),
and magnetic resonance (MR) imaging are used throughout radiotherapy. CT and
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MRI are common modalities in diagnosis, planning and treatment of prostate cancer.
The basics of CT and MRI will be discussed below.

2.2.1 Computed Tomography Scan

CT scans are commonly used for treatment planning and image guidance in radio-
therapy. The contrasting electron density between soft tissue and bone along with
Hounsfield units used for dose simulation make it an effective imaging modality for
treatment planning. These images are produced by directing x-rays through the pa-
tient and detecting them on the other side. The energy deposited can be determined
through a reconstruction algorithm and related to a gray scale via Hounsfield units
to produce an image.

The x-rays are produced through an x-ray tube by accelerating electrons towards
an anode using magnetic steering coils. The tungsten anode rotates allowing for target
area to cool after high rate of electron interactions. The high energy electrons interact
with tungsten and emit photons through bremsstrahlung radiation. Photons are
emitted through an opening near the x-ray tube anode. Most commercially available
CT scanner x-ray tubes produce photons with peak energies between 80-140 kV. The
total photon beam is collimated using pre-patient collimators to reduce the lower
energy penumbra. Additional filtering removes low energy photons without sufficient
energy to escape the patient.

Photons then pass through the patient with energy attenuation corresponding to
linear attenuation coefficients of the material through which they pass.44 Photons
with energy 80-140 kV in soft tissue hold a Compton scattering cross section much
higher than the photoelectric cross section as seen in Figure 2.6. As such, CT images
of soft tissue indicate physical properties for which Compton scattering is dependent
on electron density as follows:

µCompton ∝ ρN
Z

A
(2.8)

where µCompton is linear attenuation coefficient for Compton scattering, ρ is mass
density of the tissue, N is Avagadro’s number and A is the atomic mass. This varying
cross section within soft tissue, bone and other materials of interest may be leveraged
to produce contrast between materials. This difference can be converted to a gray
scale value within CT images. Hounsfield units (HUs) are the gray scale representa-
tion of this attenuation coefficient of materials.
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Figure 2.6: Differences in mass attenuation coefficients of materials produces contrast
within the energy range of interest for CT scans. Figure taken from Bushberg et al.44

HU (x, y, z) = 1000
(µ(x, y, z)− µw)

µw
(2.9)

where µ(x, y, z) and µw are linear attenuation coefficients of materials of interest
and water respectively. Within this scale, water is a Hounsfield unit of 0 HU, air is -
1000 HU, soft-tissues lie between -30 and +220 HU and tissue with iodinated contrast
agents may run up to +3000 HU.

After being attenuated by tissues within the body, remaining photons are detected
through solid state detectors consisting of a scintillator and a photodiode.44 Each
discrete detector, j, returns a signal which may be described through the form or
linear attenuation coefficients:

Ij = gjIoe
−(µ1+µ2+...+µn)t (2.10)

where Ij is signal at detector element j, gj is the gain of the detector, Io is the
initial signal, t is the thickness of material and µn is the linear attenuation coefficient
of materials through which the photons passed. This signal can be compared to a
reference signal outside the patient field of view. This returns a ratio, β = gr/gj,
where gr is the reference gain and gj is the gain of the detector of interest. Therefore
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the projection measurement can be extracted from comparing signals and gains of
the detectors:

Pj = ln

(
Ir
βIj

)
= t(µ1 + µ2 + ...+ µn) (2.11)

where Ir is the signal from a reference detector and µn are the attenuation coef-
ficients of the material through which the photons pass. Thus, the projection signal
after pre-processing corresponds to the sum of the linear attenuation coefficients along
the ray through which the photons pass. Reconstruction methods may be performed
on the signals collected from all detectors within the array to produce a CT image.

Detectors in a CT array are highly pixelated to increase the resolution of photon
detection. Current CT scanning techniques rotate the x-ray source through a 360o

rotation while detectors are placed throughout the circular path. This reduces ring
artifacts due to damaged pixels if a single detector were used to detect photons.
Signal to noise ratio in CT images is highly dependent on either the number of
photons passing through the patient which can be increased through an increased x-
ray current or the slice thickness. Increasing slice thickness on a CT scan will improve
signal to noise ratio, but may result in lower resolution images between slices.

CT images are produced using an image reconstruction algorithm to combine
the projection data.44 The two main reconstruction algorithm families are iterative
reconstruction and back projection algorithms. Iterative reconstruction algorithms
begin with an expected image, often a guess or constant image. The iterative process
updates the image by making slight adjustments and comparing the expected projec-
tions to the measured projection data. An error matrix is then produced based on
the difference between projections. This error matrix is used to guide the next itera-
tion. This process continues until noise has been reduced within the image. Iterative
reconstruction methods are computationally intensive and are currently not common-
place in a clinical setting. However, iterative reconstruction algorithms offer lower
noise images while delivering a lower radiation dose. As such, iterative reconstruction
algorithms may become commonplace in clinical applications.

Most current clinical CT scans apply a filtered back projection algorithm to pro-
duce CT images. A back projection algorithm is applied to produce an image from
the detector data by back projecting data along the path of the projection. A simple
back projection can be produced from evaluating an inequality expression.45 This is
not an effective method for clinical CT reconstruction but may act as an effective
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model to understand the algorithm. In clinical filtered backprojection algorithms,
each projection is convolved with a kernel to remove radial blurring seen in sim-
ple backprojection methods prior to back projection. Filtering kernels filter specific
features in CT scans, producing a more useful image.

2.2.2 Magnetic Resonance Imaging

Magnetic resonance imaging takes advantage of the density of magnetic nuclei (ie.,
protons) within material.46 Applying a magnetic field to these nuclei causes the tissue
to become magnetized in the longitudinal direction. This magnetization may be
flipped into the transverse plane by applying a 90 degree radiofrequency (RF) pulse
to the magnetized tissue. Both longitudinal and transverse magnetizations have a
characteristic which may be adjusted to display different types of image contrast.

The transition from longitudinal magnetization to transverse magnetization is
know as excitation due to the unstable nature of the transverse magnetization or
saturation as the longitudinal magnetization was destroyed. After the RF pulse,
the longitudinal magnetization begins to recover while the transverse magnetization
begins to decay. The rate of recovery and decay can be described by the longitudinal
relaxation time, T1, and transverse decay time, T2, respectively. Tissues will have
varied T1 and T2 times resulting in contrast between the materials.

MR images are acquired through repeating an imaging cycle consisting of RF
pulses controlled through two time parameters.46 The first parameter is the time of
repetition (TR) which describes the time interval between saturation and excitation
and describes when a 90 degree RF pulse will be applied. This produces contrast in
T1, T2 or proton density (PD) range as seen in Figure 2.7. The second parameter is
the time of echo (TE) which is the interval between beginning of transverse relaxation
and when the magnetization is measured to produce image contrast. At this point,
the magnetization signal is measured through a 180 degree echo pulse. This method
of MR image acquisition is the conventional spin-echo method, one of the two major
MR acquisition method families. The other, gradient echo, applies a slightly different
process to create the echo event at the end of each imaging cycle.

The two time parameters, TR and TE, can be varied to produce a series of imaging
protocols to produce different contrast between tissues. This contrast comes from T1
or T2 characteristic times or from PD contrast. T1 contrast is developed during
the longitudinal magnetization phase, T2 contrast is present during the transverse
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Figure 2.7: Sequence of magnetic resonance (MR) pulses for image acquisition. Taken
from Sprawls.46

magnetization phase while PD contrast is always present but may be overshadowed
by either T1 or T2 contrasts as noted in Figure 2.7.

2.2.2.1 T1 Weighted Contrast

T1 contrast leverages difference between longitudinal magnetization relaxation times
of tissues by implementing a TR which optimizes the difference.46 A short T1 will
recover more quickly compared to a long T1 as shown in Figure 2.8. The TR selects
a time to readout the signal by applying an RF pulse, at which point a T1 contrast
image may be produced. This cycle is repeated multiple times to produce an MR
image.

After the initial saturation pulse, all tissues appear dark. As time passes, the
image becomes brighter or more intense. The final intensity of the image depends
on TR and the T1 contrast required for the MR image. Increasing TR increases the
signal intensity, but may reduce effects seen from T1 contrast to a point at which the
longitudinal magnetization is completely recovered. Selection of an appropriate TR
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value will ensure contrast between tissues of interest.

Figure 2.8: T1 weighted MRI imaging. Taken from Sprawls.46

2.2.2.2 Proton Density (PD) Contrast

The proton density within tissue determines the maximum achievable magnetiza-
tion.46 As such, contrast occurs near the end of the longitudinal relaxation as the
magnetization nears a maximum. PD contrast may be present earlier in the cycle,
however T1 contrast is dominant at this point. The difference between T1 and PD
contrast is that T1 employs the rate of relaxation to create contrast while PD employs
the maximum achievable magnetization of the tissue to produce the contrast.

Generally, T1 contrast is dominant in early portion of relaxation curve while PD
contrast becomes dominant near the end as seen in Figure 2.9. To overcome T1
contrast and achieve PD contrast, a long TR time must be used for the MR sequence.
Complete relaxation occurs when TR is approximately three times T1 of the tissues
of interest at which proton density contrast begins. Selection of a TR within this
region allows for sufficient contrast. At this point, high proton density tissues will
appear lighter compared to low density tissues.
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Figure 2.9: Proton density weighted MRI imaging. Taken from Sprawls.46

2.2.2.3 T2 Weighted Contrast

Both T1 and PD contrast were available within the longitudinal magnetization phase
however, T2 contrast occurs during the transverse magnetization.46 Similar to T1
contrast, within the transverse magnetization, tissues will have different decay rates,
or T2 values. After an RF pulse to induce excitation, there is initially PD contrast
from the longitudinal magnetization. The T2 contrast begins to present as time passes
and transverse magnetization begins to relax as seen in Figure 2.10. The image is
read out using an echo event, with the TE selected by the operator to optimize T2
contrast.

Maximum T2 contrast occurs at long TE times, however TE times too large cause
the transverse magnetization to decay to a point where there is minimal magnetiza-
tion. As such, a compromise must be made between T2 contrast and signal intensity.
The brightness of specific tissues depends on TE time selected, however generally the
long T2 tissues will appear light while short T2 tissues will appear dark.
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Figure 2.10: T2 weighted MRI imaging. Taken from Sprawls.46

2.3 SpaceOAR Hydrogel Implant

SpaceOAR c©Hydrogel (SOH) is a polyethylene glycol (PEG) hydrogel spacer with ap-
plications in prostate cancer radiotherapy treatment to reduce rectal dose.32,33,38–40,47,48

High rectal dose in prostate cancer radiotherapy is due to high overlap of PTV and
rectum in treatment planning. Increasing the distance between prostate and rectum,
using a technique such as SOH, has been shown to reduce the rectal dose.49 SOH is
placed between the rectal wall and Denonvilliers’ fascia in the perirectal fat.50 Hy-
drodissection of the perirectal fat creates space for SOH. Two fluids, Precursor and
Accelerator, are injected through an 18-gauge (18G) needle implant and reacts to
produce SOH in situ. Augmenix Inc. provides a Y-connector system to facilitate
the combination of the Precursor and Accelerator fluids required to produce a PEG
hydrogel within tissue. At BC Cancer - Victoria, SOH is injected post fiducial marker
implant.

PEG is a polymer containing hydroxyl functional groups along the carbon back-
bone which act as electron donors, forming hydrogen bonds with other available
hydrophobic compounds.51 This compound offers many beneficial characteristics in-
cluding biocompatibility, odorless, nonirritating, rapid solidification, and low cost
creating an effective compound for implant. The hydroxyl functional groups on PEG
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allow for cross-linking with each other creating a 3D, hydrophilic polymer network
retaining a large amount of water and forming a gel-like matrix, termed hydrogel.
PEG hydrogels are soluble in water and liquefy through hydrolysis in situ before be-
ing absorbed and cleaned through renal filtration, leaving the body within 6 months
of implant.50

The Precursor and Accelerator are solutions which form the PEG hydrogel through
chemical reaction. Precursor solution is composed of trilysine buffer solution along
with PEG powder while the Accelerator solution is a salt buffer solution.50 The two
solutions cross-link to form a PEG hydrogel when mixed through the Y-connector,
creating a solid structure in situ. This mechanism behind SOH creates a simple,
effective method of creating perirectal space.

Patients receive specific bowel and bladder preparation instructions prior to the
hydrogel/fiducial implant. A fleet enema is prescribed for both the night before and
the morning of the procedure. Patients are asked to drink 750 mL of water within 15
minutes, 45 minutes prior to the pre-SOH CT scan and are then asked to empty the
bladder prior to hydrogel and fiducial insertion.

Patients receiving SOH implants are placed in dorsal lithotomy position with stir-
rups used to keep knees bent at 90 degrees. The pelvic region is prepared using
chlorhexidine producing aseptic skin and a local anesthetic is injected through the
perineum to anesthetize the surrounding region. A transrectal ultrasound (TRUS)
probe is positioned in the rectum to allow for visual guidance of the 18G, 15 cm nee-
dle. Clear image guidance, without artifacts, is critical to ensure the needle does not
breach the prostate capsule or rectal wall. After positioning the TRUS, the needle
can be attached to a syringe filled with saline solution and primed. Subsequently, the
needle is slowly inserted 1-2 cm above the anal opening and advanced at a 10-15%
downwards angle, while maintaining a visual through the ultrasound probe. Small
puffs of saline may be used to verify the needle position prior to hydrodissection. Once
the needle has reached the perirectal fat between rectal wall and Denonvilliers’ fascia
(seen in Figure 2.11), the 10 mL saline solution is injected, performing hydrodissection
of the perirectal fat creating space for the SOH injection. The empty syringe is then
removed from needle, and the Y-connector with Precursor and Accelerator liquids is
attached while maintaining the needle position in the hydrodissected tissue. Steps
are taken to ensure the TRUS probe is maintained in the correct position. Precursor
and Accelerator are combined by slowly, consistently emptying the entire syringe in
one continuous motion over a span of 8-10 seconds to produce a uniform gel distribu-
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Figure 2.11: Clinical set-up for SOH implant with the use of a transrectal ultrasound
probe for image guidance of the 18G needle into the perirectal fat. Image adapted
from SpaceOAR c© system instructions for use.52

tion.28 This places the SOH into the perirectal space created through hydrodissection
producing around 1 cm of separation between prostate and rectum.

There are several errors through implant process which would cause non-optimal
placement of SOH due to needle insertion and probe placement. TRUS probe place-
ment in rectal cavity can act as a mold for SOH to form around, and as such incorrect
placement will result in errors. The factors affecting SOH placement include probe
angle and height as seen in Figure 2.12 with TRUS probe pushing the hydrogel in-
correctly in many cases. Additionally, needle position may result in a non-uniform
distribution if needle is inserted away from the midline position. Other factors that
might affect SOH implant include abnormal patient anatomy, injection speed and
perirectal fibrosis.28
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Figure 2.12: Errors due to TRUS positioning and needle injection site through process
of SOH system implant. Figure taken from Montoya et al.28

2.4 Prostate Cancer Organs at Risk

The prostate gland is surrounded by a number of organs at risk (OAR) that must have
restricted dose during radiotherapy to reduce bowel, urinary and sexual complications.
Contours of interest during radiotherapy planning include rectum, bladder, penile
bulb, prostate and femoral head with the addition of the SOH in patients receiving
the implant. Many of these organs are essential to the functions of reproductive,
genitourinary (GU) and gastrointestinal (GI) systems as seen in Figure 2.13. Manual,
semi-automatic and automatic tools in Eclipse contouring workstation are used to
contour these organs prior to treatment planning. Specific guidelines were used to
contour both targets and OARs in this study.
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Figure 2.13: Male pelvic anatomy describing organs at risk in prostate cancer radio-
therapy. Taken from University of Chicago.53

2.4.1 Contours of Interest

Prostate cancer OARs in this retrospective study have been contoured in a method
similar to other SOH dosimetric studies to enable effective comparisons. CTV was
contoured as the prostate plus 1 cm of seminal vesicles as per the definition of interme-
diate risk for prostate cancer.16 Penile bulb was contoured as the bulbous spongiosum
below the urogenital diaphragm and proximal to the penile shaft. Each femoral head
was contoured separately from the top of the femoral head to the lesser trochanter.
Rectum and bladder contours vary depending on the protocol used, and as such many
structures were produced for this work.

Rectum and bladder structures were contoured using several methods outlined
in dosimetric studies. SOH dosimetric studies followed the convention of contouring
rectum as a solid organ from ischial tuberosities to rectosigmoid junction with cranial-
caudal length kept consistent from pre- to post-SOH and the bladder as a solid organ.
Meanwhile, BC Cancer - Victoria 60 Gy in 20 fractions planning protocol based
on PROFIT and CHHiP studies for hypofractionated prostate cancer treatment8,9

require additional rectum and bladder wall structures contoured to 17.5 mm above
the superior PTV slice and below the inferior PTV slice. Rectal wall (RW) and
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bladder wall (BW) structures were extracted using an inner wall margin of 3 mm.
Complete organ structures have been used as avoidance structures in the opti-

mization and evaluation of plans in many SOH dosimetric studies.32,33,38–40 However,
chronic rectal toxicity has been linked to metrics pulled from rectal wall (RW) struc-
tures with a higher correlation compared to entire rectum.54,55 As a result, studies
such as PROFIT and CHHiP have begun to use RW as plan evaluation objective
for rectal structure. Physically, rectal tissue was encompassed in RW structure while
material contained within rectum was gas or material waiting to be excreted from the
body with a similar trend seen in the bladder. Therefore, BC Cancer - Victoria has
adopted the use of wall structures for both bladder and rectal optimization objectives
and plan evaluation objectives of 60 Gy in 20 fractions hypofractionated prostate
radiotherapy planning.

Figure 2.14: Three images of the same slice with T1 weighted MRI (left), T2 weighted
MRI (middle) and with CT (right).

Post-SOH implant scans required the SOH to be contoured for OAR purposes and
to guide contouring of the rectum. This contour was difficult to perform on CT scans
due to lack of contrast between SOH and surrounding soft tissue (Figure 2.14). An
MRI of the patient was taken to aid in contouring of this structure. CT and MRI
images were registered together allowing for an effective method to contour the SOH
and the rectum. However, there was time for organ motion between CT and MRI
offering a source of error for SOH and rectum contouring. Additionally, variation
between contours created by radiation oncologists provided additional error for the
volume of organs studied.

Studies have explored the inter- and intra-observer contouring differences, with
inter-observer differences from 10-18% in variation among patient contours.56 As such,
a single radiation oncologist created all the contours for each patient within this study
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removing the inter-observer variability. However, the same study indicated that there
was also some intra-observer variation when producing contours on CT scans. This
variation was a mean of 5% across all radiation oncologists while the cranial-caudal
length of contours remained consistent in short term intra-observer contouring. This
intra-observer variability may have contributed to a difference in trends seen between
patients as well as volumes between pre- and post-SOH contours.

2.4.2 Dose-Volume Constraints

All OARs surrounding the prostate have dose-volume dependent complications which
reduce patient QOL. Many studies have examined the dose-volume relationship of
these complications and as such clinical protocols have been developed on the basis
of these studies. The most dose limiting OAR in prostate radiotherapy has been
found to be the rectum which may have acute or late toxicity effects such as rectal
irritation and bleeding. Meanwhile, the bladder, penile bulb and femoral heads are
OARs which have dose specific constraints limiting acute and late toxicity effects such
as frequent or urgent urination, erectile dysfunction and femoral neck fractures.

The prostate and the rectum are only separated by peri-rectal space. This prox-
imity often results in overlap of the PTV and the rectum when a margin is applied
to the CTV. Studies have shown the rectum to be the most dose-limiting organ in
prostate radiotherapy.7,19 Dose delivered to partial rectum volume often nears the
prescription. It is critical to develop dose-volume constraints to reduce acute and
late toxicity effects. Many studies have examined dose-volume constraints with con-
sistent results suggesting volumes of high doses were most important in predicting
rectal complications.57 Constraints have been suggested to reduce incidence rate of
moderate to severe late bleeding below 5-10%. Consensus has been to apply high (65-
78 Gy) and intermediate (40-60 Gy) dose-volume constraints for fractions between
70-80 Gy.56 The most common high dose-volume constraint has been RV70Gy<25%
as RV70Gy metric has well documented correlation with Grade 2 or higher rectal
complications.21,58

GU clinical symptoms are a commonly examined endpoint with many late uri-
nary toxicity endpoints attributed to the effects of radiotherapy including dysuria,
frequency, urgency, reduced flow and incontinence.58 Prostate cancer radiotherapy
may result in late GU complications seen in around ≤ 10% of patients. Viswanathan
et al. provides an in depth overview of radiation dose-volume effects of the bladder in
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pelvic radiotherapy treatment.58 GU symptoms may present due to bladder or urethra
damage, with no available distinction by physicians. Post prostatectomy irradiation
studies indicate low GU toxicity59 which may suggest the prostate and the prostatic
urethra may cause GU symptoms. Additionally, studies show GU toxicity rates rise
in high-dose prostate radiotherapy (>70 Gy) where only partial volume of bladder is
treated. Bladder dose-volume modelling is difficult due to variation in bladder filling,
resulting in variation of wall volume during treatment.56 As such,the relationship be-
tween bladder dose-volume constraints and urinary toxicities has undergone limited
research and QUANTEC publication was unable to provide reliable data for bladder
dose-volume constraints.57

Penile bulb (PB) dose-volume endpoints have been correlated to the incidence of
erectile dysfunction in patients post radiotherapy treatment. However, there have
been conflicting results. Fisch et al. found erectile dysfunction develops if PBV70Gy
> 70% after 3D-CRT for studied prescriptions from 65 to 72 Gy under standard frac-
tionation.60 Meanwhile, Brown et al. offered no conclusive dose-volume constraints61

while the strongest limiting metric was found to be the mean penile bulb dose.56,57 A
study examined the mean penile bulb dose of patients experiencing erectile dysfunc-
tion after a follow up at 2 years post irradiation. Patients were divided into three
groups (potent, reduced potency, impotent) and the corresponding average mean pe-
nile bulb dose was determined to be 45.5±17.1 Gy, 48±16.1 Gy, and 59.2±13.8 Gy.62

A strong correlation between incidence of erectile dysfunction and mean penile bulb
dose was seen in this study. Further research has shown that a dose constraint of
mean penile bulb dose < 52 Gy will greatly reduce risk of impotence.63

The final OAR contoured in prostate cancer radiotherapy planning is the femoral
heads. No dose-volume relationship studies have been completed to characterize the
dose-constraint endpoints within pelvic radiotherapy. Further investigation is re-
quired to further qualify this relationship. General endpoints have been suggested
due to incidence of femoral neck fractures described by Grigsby et al.64 Results indi-
cated 4.8% of groin irradiation patients experienced femoral neck fracture with only
one case of total femoral neck dose ≤50 Gy. Additional work by Bedford et al. rec-
ommended a dose-volume constraint of V52 Gy < 10% for a 70 Gy prescription dose
which has been used in further studies.65

Many dose-volume constraints from PROFIT9 study on prostate hypofractiona-
tion have been adopted by BC Cancer - Victoria for 60 Gy in 20 fractions hypofrac-
tionated prostate radiotherapy. These dose-volume constraints include rectal wall
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dose constraints of D30% < 46 Gy and D50% < 37 Gy, bladder wall constraints of
D30% < 46 Gy and D50% < 37 Gy and femoral head constraints of D5% < 43 Gy. All
of the above constraints have been adopted from previous studies with rectum con-
straints following the high and intermediate dose constraints with similar constraints
applied to the bladder.56 Additionally, the 52 Gy dose endpoint seen in the femoral
heads was reduced to 43 Gy in the hypofractionated regime with a stricter partial
volume constraint included. A penile bulb dose-volume constraint was not provided
in the PROFIT study however a constraint of PBV41.66Gy < 50% has been adopted
by BC Cancer - Victoria for the hypofractionated regime.

2.5 Eclipse TPS Inverse Optimization

Inverse optimization problems have been studied for various applications, including
the inverse optimization treatment planning problem to produce beam fluences. In
each of these applications, some optimal decision variables are set. Each variable
has an associated weight and cost function relating to the importance and difficulty
in achieving the optimal objective.66 Total cost function is minimized until a stable
solution is found. This solution may not meet all requirements, as there exists a
large solution space. In radiotherapy treatment planning, each contour of interest
is designated with an optimization objective to be met and an associated weight.
The distance of the DVH from the optimization objectives and the objective weights
are related to the cost function. There is a large solution space available through
radiotherapy treatment planning which may provide variation in treatment plans.

Inverse optimization treatment planning is the process of working backwards from
a dose prescription and dose-volume constraints, termed optimization objectives, to
find the beam fluence which achieves the plan evaluation objectives. Eclipse TPS
optimizing algorithm applies a simple pencil beam to determine the beam fluence.
Eclipse TPS IMRT algorithm applies fluence based optimization to produce an op-
timal distribution while VMAT algorithm is fluence and aperture based. Both in-
verse optimization algorithms optimize the cost function to reduce the pencil beam
simulated dose and produce optimal fluence or fluence and aperture positions. Sub-
sequently, an intermediate dose calculation with the analytical anisotropic algorithm
(AAA) more effectively accounts for inhomogeneity effects during the optimization
stage. These algorithms are not fully deterministic, and as such the same optimization
objectives may result in different dose distributions.
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2.5.1 IMRT Optimization in Eclipse

Eclipse TPS employs the dose volume optimizer (DVO) algorithm to optimize beam
intensity modulation for IMRT treatment plans.67 This optimization algorithm de-
termines the optimal field shape and intensity through iteratively varying the dose
distribution until optimization objectives are met.

Initially, the DVO fits fluence projections to the target within a 5 mm margin
expanded symmetrically around the isocenter. This describes the region in which
the fluence may be edited or modulated through the algorithm. Fluences are then
incremented beginning at zero or at a fluence from a previous optimization. At each
iteration, the dose is calculated from the optimized fluence.

Cost functions are developed from the optimization objectives at each point within
the volume of interest. These cost functions are back projected to the fluences at each
point to produce a gradient evaluated during the optimization process.

2.5.2 VMAT Optimization in Eclipse

Eclipse TPS employs the progressive resolution optimizer (PRO) algorithm to produce
VMAT plans through optimization of dynamic multileaf collimators, variable dose
rate and variable gantry speeds.67 A constant number of control points are defined
along the arc to represent the VMAT fields. The optimization occurs using the multi-
resolution approach with a varied number of dose calculation segments. Initially, a
low number of segments are used and the number of segments is increased throughout
the optimization to improve the resolution of the calculation.

Within each multi-resolution level there is a varied number of steps of the op-
timization process. Each of these steps allows for small discontinuities within the
dose distribution and the size of these discontinuities decreases with each subsequent
step. At each step boundary, the distribution must lie within specific discontinuity
levels which may cause a spike in the cost function as the optimization process moves
between steps.

Initially, the MLC shapes conform to the target and dose rates are equal through
all dose calculation segments. Through the beginning steps of multi-resolution op-
timization, larger changes are made to optimize the leaf patterns and fluences with
the size of these adjustments decreasing throughout the optimization. The multi-
resolution optimization results in dose calculation segments which are 2-4 degrees
apart with the total number of segments depending on the span of the arc.
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The fluence through MLCs at a control point within the dose calculation segment
is used to calculate the segment dose. From the optimized fluence, leaf motion is mod-
elled by interpolating leaf positions between control points. The angular resolution
of dose calculations improves as the number of dose calculation segments increases.

2.5.3 Dose Calculations

There are many available dose calculation algorithms available in Eclipse TPS with
the analytical anisotropic algorithm (AAA) being applied for the work presented in
this thesis. This algorithm converts Hounsfield units from a CT scan to relative
electron density using a calibration curve specific to individual CT units. AAA algo-
rithms are used to produce dose distributions from beam fluence. This process occurs
to produce an intermediate dose distribution and a final dose distribution.

The intermediate dose distribution is calculated partway through the optimiza-
tion process in both DVO and PRO. This dose calculation aids in accounting for
inhomogeneities not fully accounted for during the optimization stage. From this dis-
tribution, the algorithms calculate the difference between the intermediate dose and
initial optimization results and compensates in consequent iterations of optimiza-
tions. Once an intermediate dose distribution has been calculated, the optimization
continues until the final dose distribution.

Both intermediate and final dose calculations apply the AAA algorithm to calcu-
late the dose distribution. The AAA algorithm calculates the total dose distribution
through a superposition of dose deposition of primary photon, secondary photon and
electron contamination sources.68 The primary photon source is modeled as photon
interactions on the target. Beam hardening by a flattening filter is taken into account
by decreasing mean photon beam energy with distance from the central axis. The
secondary photon source models photons produced through flattening filter, primary
and secondary collimation of the linac. This source is produced as a convolution of
the primary fluence and a Gaussian with width proportional to the photon source
with no off-axis variation accounted. Electron source models electrons created by
Compton interaction within the linac through an energy deposition function and two
Gaussians. These dose deposition matrices are then convolved with Monte Carlo scat-
ter kernels produced from photon and electron interactions. The resulting matrix is
scaled by the electron density matrix from a CT scan to produce a three-dimensional
dose distribution.
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2.5.4 BC Cancer - Victoria Prostate Protocol

In an attempt to maintain consistent treatment plans, the optimization objectives
and weighting have been well documented for each treatment site. Prostate cancer
treatment planning applies objectives to rectum, bladder, penile bulb, femoral heads,
PTV and CTV to ensure coverage while reducing dose to OARs. Each of these
structures have optimization objectives along with plan evaluation objectives. BC
Cancer - Victoria have adopted a series of optimization objectives and plan evaluation
objectives based on dose constraints/limits. The optimization objectives, seen in
Table 2.1 and used for this study, have been adopted from PROFIT9 studies for
hypofractionated prostate radiotherapy. These optimization objectives are set lower
than the OAR dose constraints to ensure that the plan evaluation objectives are
met. The rectal wall objectives were varied on a patient by patient basis to ensure
maximum rectal sparing. RW objectives seen in Table 2.1 were the starting objectives
based on the BC Cancer - Victoria protocol. In addition to OAR objectives, normal
tissue objectives (NTO) were set to ensure all other tissue receives minimal dose.

Structure Limit Volume (%) Dose (cGy) Priority

PTV upper 0 6000 100
lower 100 6000 120

CTV (IMRT ) lower 100 6000 110
CTV (VMAT ) lower 100 6050 110

Bladder Wall upper 40 3700 50
upper 20 4600 70

Rectal Wall upper 40 3700 50
upper 20 4600 70

Lt Femoral Head upper 0 4300 50
Rt Femoral Head upper 0 4300 50

Penile Bulb upper 45 4166 70

Table 2.1: Optimization objectives set for IMRT and VMAT treatment planning.
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Chapter 3

Maximizing rectal dose sparing with
hydrogel: a retrospective planning
study

This chapter was taken, largely, from "Maximizing rectal dose sparing with hydrogel:
a retrospective planning study" published in the Journal of Applied Clinical Medical
Physics by Paetkau et al.69 Sections comparing complete and wall rectum and bladder
structures for optimization objectives were added to Materials and Methods, Results
and Discussion sections.

3.1 Introduction

Prostate cancer is the most common non-cutaneous malignancy in Canadian men,
representing 21% of new cancer cases and 10% of cancer deaths in men in 2017.1

Standard treatment options for localized disease include surgery, external beam ra-
diotherapy (EBRT) and brachytherapy, with many men opting for EBRT. Potential
toxicities of EBRT can include rectal, urinary and sexual dysfunction due to the prox-
imity of the rectum, bladder and penile bulb/neurovascular bundles to the prostate.19

The rectum is the dose-limiting organ in prostate cancer external beam irradiation
due to its proximity to the prostate, with the anterior rectal wall often falling within
the planning target volume.17,20,54,70,71 In recent years a number of products have
been developed to spare the rectum during radiotherapy. One such innovation is
SpaceOAR c© hydrogel (SOH), a polyethylene glycol-based product, that is injected
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between the rectum and the prostate to displace the prostate away from the rec-
tum. The physical shift of the rectum allows a greater proportion of the organ to be
spared high dose and, in a randomized trial, has resulted in reduced rectal toxicity
and improved quality of life (QOL).30,32–36

The SOH has been shown to reduce the rectal dose in patients receiving both vol-
umetric modulated arc therapy (VMAT)34,38,40 and intensity modulated radiotherapy
(IMRT).32–34,36,39 Studies have compared VMAT and IMRT treatment techniques in
external beam prostate cancer treatment, indicating similar results for prostate cov-
erage. In many studies, the dose to organs at risk (OAR), including the rectum,
bladder and penile bulb, was decreased when using VMAT over IMRT.72,73 However,
one planning study shows an exception in which rectal dose was lower with applica-
tion of IMRT4 compared to VMAT. The insertion of SOH between the rectum and
the prostate may alter dose between treatment techniques. Current SOH studies are
split between treatment techniques.

The generation of IMRT or VMAT plans involves an inverse planning optimiza-
tion, through a series of dosimetric constraints on anatomical structures and regions
within a set of radiotherapy planning computed tomography (CT) scans. In previous
studies, different definitions of the rectal avoidance structure have been used during
optimization to minimize the true rectal organ dose. To date, the rectum avoidance
structure, which can be defined as either a solid form or a wall (i.e. rectal wall thick-
ness of 3 mm, excluding the lumen) organ delineated from the anus or bottom of
the ischial tuberosities to the rectosigmoid junction, has been commonly employed
during optimization in SOH studies.33,34,38,40 More recently, a fabricated structure,
the composite rectum (CR) has been proposed.39 This structure can be generated
by combining the rectum with the hydrogel before extracting a wall structure (i.e.
rectum + hydrogel, thickness of 3 mm excluding the lumen). The hydrogel is difficult
to contour due to low contrast between rectum and SOH on CT scans, therefore the
CR structure may offer a simpler alternative. Additionally, it has been suggested by
te Velde et al.39 that the CR may serve as an alternative rectal organ optimization
structure. Optimization with each of these structures offers a varying degree of rectal
dose reduction.

The aims of the present study were to firstly evaluate the ideal optimization struc-
ture (rectal wall (RW) vs. composite rectum wall (CRW)) in the setting of SOH for
hypofractionated EBRT and secondly, to test whether the VMAT technique offers
additional rectal sparing compared to IMRT. In this regard, IMRT and VMAT treat-
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ment plans for 60 Gy in 20 fractions were generated using anonymized CT datasets
from patients with implanted SOH, using RW and CRW in the optimization, and
organ at risk (OAR) doses were compared. The treatment plans were examined to
determine which combination of optimization structure (RW or CRW) and treatment
technique (VMAT or IMRT) resulted in the lowest rectal dose distribution.

3.2 Materials and Methods

3.2.1 Hydrogel implant

The anonymized CT datasets of thirteen prostate cancer patients who were implanted
with 10 cc of SpaceOAR hydrogel between the prostate and the rectum were selected
for this institutional research ethics board approved retrospective planning study. All
patients receiving the SOH also had three to four gold fiducial markers implanted via
a trans-perineal technique prior to gel placement. The CT datasets consisted of a
pre-SOH and post-SOH planning CT scans for each patient. The pre-SOH planning
CT scan was obtained with a comfortably full bladder and empty rectum thirty to
sixty minutes prior to implantation of fiducial markers and SOH. Patients were given
specific instructions to drink 750 ml of water within 15 minutes, one hour prior to
their pre-SOH CT scan and to perform a micro-enema two to three hours prior to
their appointment. One week later patients underwent a post-SOH planning CT scan
as well as a pelvic MRI with the same bladder and bowel preparation instructions.
A T2 weighted MR image was taken to produce contrast between prostate and SOH
while a FSPGR (T1 weighted) MR image was taken to provide contrast to the gold
fiducial markers and prostate. The MR images were registered to the post-SOH
planning CT images by a trained medical physicist, using gold fiducial markers and
prostate structures of interest. The majority of the image registration was performed
using the prostate and surrounding ligaments, muscle and other soft tissues as major
registration structures with the gold fiducial markers used as a guide. The rectum
and interface between rectum and prostate were excluded from use as registration
structures due to the unstable nature of the rectum. The registered MR images were
used to assist with contouring the SOH, rectum and prostate gland.
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Figure 3.1: Computed tomography scan with clinical target volume (CTV) (light
blue) and rectum structures: (a) pre-SpaceOAR hydrogel (SOH) with CTV and rectal
wall (RW, brown), (b) post-SOH with CTV, SOH (yellow) and RW, and (c) post-SOH
with CTV and composite rectum wall (light green).

3.2.2 Structure of interest contours

A set of target and OARs for optimization and plan evaluation purposes were defined
and peer-reviewed by a group of genitourinary radiation oncologists. Clinical target
volume (CTV) was defined as the prostate gland and proximal 1 cm of seminal vesicles.
The planning target volume (PTV) was defined as the CTV with margins of 7 mm
in all directions except for a 5 mm margin in the posterior direction. Rectum was
contoured as a solid organ from the rectosigmoid junction to the ischial tuberosities,
and the cranial-caudal length was kept consistent from pre- to post-SOH. Composite
rectum (CR) was defined as hydrogel plus rectum with manual editing to smooth
jagged contours. RW and CRW structures were extracted using an inner wall margin
of 3 mm (Figure 3.1). Bladder was contoured with a bladder wall (BW) extracted
using an inner wall margin of 3 mm. Femoral heads were contoured separately from
the top of femoral head to the lesser trochanter. The penile bulb was contoured as
the bulbous spongiosum below the GU diaphragm and proximal to the penile shaft.

3.2.3 Treatment plans

A total of six hypofractionated, 60 Gy in 20 fractions, treatment plans were created
for each patient using Eclipse version 13.6 with the final dose calculation performed
with the anisotropic analytical algorithm (AAA) version 11.0.31. This included a
pre-SOH plan, and two post-SOH plans using either the RW or the CRW as the
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optimization structure. These plans were created using both IMRT (dose volume
optimizer version 11.0.31) and single arc VMAT (progressive resolution optimizer
version 11.0.31) treatment techniques to produce the treatment plans listed in Table
3.1. Most IMRT plans were created using five angle beam arrangements (0o, 50o,
100o, 260o and 310o). Two additional beam angles (155o and 205o) were added to
plans when hot spots in the subcutaneous tissues exceeded planning guidelines with
a five beam arrangement. Six additional treatment plans were produced using the
full rectum and bladder structures with dosimetric constraints shown in Table 3.3 in
order to reproduce planning techniques of other studies. This included a pre-SOH
plan, and two post-SOH plans using complete rectum or complete composite rectum
as the optimization structure (see Table 3.2).

Treatment Plan Acronym Hydrogel Treatment Technique Structure
1 Pre_IMRT No IMRT Rectal Wall
2 CRW_IMRT Yes IMRT Composite Rectal Wall
3 RW_IMRT Yes IMRT Rectal Wall
4 Pre_VMAT No VMAT Rectal Wall
5 CRW_VMAT Yes VMAT Composite Rectal Wall
6 RW_VMAT Yes VMAT Rectal Wall

Table 3.1: The six treatment plans created to compare wall optimization structure
and treatment technique.

Treatment Plan Acronym Hydrogel Treatment Technique Structure
1 Pre_IMRT No IMRT Rectum
2 CR_IMRT Yes IMRT Composite Rectum
3 R_IMRT Yes IMRT Rectum
4 Pre_VMAT No VMAT Rectum
5 CR_VMAT Yes VMAT Composite Rectum
6 R_VMAT Yes VMAT Rectum

Table 3.2: The six treatment plans created to compare complete organ optimization
structures and treatment techniques.

A plan optimization was deemed successful when the objectives listed in Table 3.3
were met using a plan normalization adjustment of less than ±0.5% following final
dose calculation with AAA. Treatment plans which meet all OAR clinical objectives
were difficult to produce with no plan normalization adjustment. In a clinical setting,
plan normalization may vary up to 5% to meet required goals. Restricting the plan
normalization to ±0.5% limited its impact on the treatment plan comparison and
ensured the correct balance between target coverage and OAR was achieved mainly
during the optimization stage. The small adjustment to plan normalization limited
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Structure Metric (cGy) Volume

PTV V5700 ≥ 99 %
V6300 ≤ 1.00 cc

CTV V6000 ≥ 99%

RW17.5 V4600 ≤ 30%
V3700 ≤ 50%

BW17.5 V4600 ≤ 30%
V3700 ≤ 50%

Lt Femoral head V4300 ≤ 2.5%
Rt Femoral head V4300 ≤ 2.5%

Penile Bulb V4166 ≤ 50%

Table 3.3: Planning goals for IMRT and VMAT treatment plans.

the effect of plan normalization on treatment plans, creating a more difficult task for
the planner to achieve the clinical goals set in Table 3.3. The clinical objectives, which
are routinely utilized at BC Cancer - Victoria for prostate 60 Gy hypofractionated
radiotherapy, were adapted from the PROFIT9 and the CHHiP8 study dosimetric
objectives. The structures RW17.5 and BW17.5 in Table 3.3 were used solely to
evaluate the quality of the plans and were contoured from 17.5 mm superiorly to the
cranial border of the PTV to 17.5 mm inferiorly to the caudal border of the PTV.
All optimizations were performed by a single planner. CRW or RW dose-volume
constraints were adjusted during the optimization on a patient by patient basis to
produce the lowest rectal dose possible. For the purpose of this study, the rectal
volumes receiving 60 Gy, 55 Gy, 50 Gy, 46 Gy and 37 Gy were compared. Pre-SOH
and post-SOH CTV, PTV and OAR volumes were also compared along with CTV,
PTV and PB mean doses and bladder volumes receiving 60 Gy, 55 Gy, 50 Gy, 46 Gy
and 37 Gy.

3.2.4 Statistical Analysis

The statistical testing was done using the non-parametric Wilcoxon signed rank test
to compare different plan types as well as observe the change in volume between the
pre- and post-SOH CT scans. The tests were two-sided and considered significant at
p-value less than 0.01.
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3.3 Results

Volume statistics for structures in the pre- and post-SOH CT datasets are summarized
in Table 3.4. The majority of structures showed no significant difference between
the CT scans with the exception of the PTV which showed a significant difference
between pre- and post-SOH volumes (p = 0.006). The composite rectum volume was
also statistically different from the summed individual rectum and SOH volumes (p
= 0.001) due to smoothing of the edges of the composite rectum structure.

Structure Pre-SOH Volume
(cc)

Post-SOH Volume
(cc)

P-value

CTV 34 ± 7 (25-46) 35 ± 8 (24-49) 0.04
PTV 96 ± 14 (78-120) 102 ± 15 (81-128) 0.006

SpaceOAR Hydrogel - 11 ± 2 (8-12) -
Bladder 327 ± 197 (154-827) 286 ± 88 (152-431) 0.77

Bladder Wall 73 ± 28 (44-144) 66 ± 13 (43-91) 0.42
Penile Bulb 3 ± 1 (1-4) 2 ± 1 (1-4) 0.60
Rectum 85 ± 35 (45-150) 77 ± 18 (46-103) 0.35

Rectum Wall 36 ± 9 (23-56) 36 ± 5 (28-45) 0.65
Composite Rectum - 87 ± 19 (58-117) -
Composite Rectum

Wall
- 40 ± 5 (31-47) -

Table 3.4: Volume information for pre- and post-SOH structures of interest. The vol-
umes were compared using a Wilcoxon signed-rank test. Bold text indicates statistical
significance.

Comparisons between all six treatment plans (two pre- and four post-SOH plans)
are shown in Table 3.5 while Table 3.6 show the p-values associated with the various
treatment plans for the rectal dosimetry. There were no significant differences for
mean CTV and PTV coverage with regards to SOH implant, optimization structure
and delivery technique. The bladder dose was unaffected by the SOH implant for all
five dose levels examined in both IMRT and VMAT plans. Overall, VMAT technique
yielded treatment plans with lower bladder dose compared to IMRT, with BV55 Gy,
BV50 Gy and BV46 Gy achieving statistical significance (p < 0.007). Similarly, the
mean penile bulb (PB) dose was found to be unaffected by the SOH implant (p
> 0.24) while there was statistically significant improvement found in VMAT plans
compared to IMRT plans (p < 0.01).

Treatment plans produced using full organ structures (ie., R and CR) were com-
pared with treatment plans produced with wall objectives (ie., RW and CRW). Dosi-
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metric metrics for the full organ plans are shown in Table 3.7, while Table 3.8 show
the p-values of comparison with the two planning approaches. Wall and full structure
objectives showed no statistical difference between rectal dose while passing all ap-
propriate plan evaluation objectives with the exception that wall objectives offered a
lower RV60Gy (p < 0.005) for pre-SOH VMAT treatment plans. Additionally, there
was no significant change in bladder dose (p > 0.05) and penile bulb (p > 0.90)
between wall and full organ optimization structures.

Both IMRT and VMAT post-SOH plans resulted in rectal dose-volume reductions
of greater than 25% for each metric compared to respective pre-SOH plans. At
the prescription dose level, average volume reductions were greater than 80% for
all post-SOH plans while they ranged from 28% to 54% at 37 Gy, the lowest dose
level evaluated in this study. For both IMRT and VMAT techniques, the use of
RW structure in the optimization resulted in significantly lower rectal volumes at
doses of 55 Gy, 50 Gy and 46 Gy while there was no significant reduction at the
prescription dose level of 60 Gy (pIMRT = 0.890, pVMAT = 0.859). The use of RW in
the optimization compared to CRW did not result in statistically significant reductions
in rectal volumes receiving 37 Gy when IMRT (p=0.019) was selected as the technique
of choice but did result in significant dose reductions for VMAT (p=0.002).

3.4 Discussion

SOH has been incorporated into the radiotherapeutic management of prostate cancer
in numerous cancer centers as a result of the proven benefits in reducing rectal toxic-
ity and improving QOL.30,31 Optimal treatment planning techniques are essential to
maximize the benefits of SOH. Contoured structures or volumes are used in IMRT
or VMAT inverse planning optimization processes to conform dose to the PTV while
minimizing the dose to OARs such as the rectum and the bladder. As such, the
method in which these optimization structures are contoured and utilized will affect
the dosimetric profile of the treatment plan, and therefore the OAR dose. To date,
many different optimization structures have been utilized in SOH studies to reduce
rectal dose. Rajecki et al.40 used a control region to shape the dose distribution in
the posterior region of the prostate, te Velde et al.39 chose to contour the SOH and
rectal wall together as the CRW to minimize the dose to the true rectum. The SOH is
difficult to contour due to low contrast between rectum and SOH on CT scans and as
such a registered MR image is required to identify the SOH. This offers new challenges
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Plan/Metric Pre_IMRT CRW_IMRT RW_IMRT Pre_VMAT CRW_VMAT RW_VMAT
CTV Mean
Dose (%)

102.0± 0.7
(100.5− 102.9)

102.4± 0.3
(101.9− 102.7)

102.4± 0.3
(102.1− 102.8)

102.1± 0.2
(101.8− 102.6)

102.1± 0.1
(101.8− 102.3)

102.0± 0.1
(101.7− 102.1)

PTV Mean
Dose (%)

101.6± 0.7
(100.1− 102.4)

101.8± 0.2
(101.4− 102.3)

101.8± 0.2
(101.5− 102.1)

101.7± 0.1
(101.6− 101.9)

101.8± 0.1
(101.5− 101.9)

101.8± 0.2
(101.5− 102.3)

PB Mean
Dose (%)

15.2± 12.9
(5.8− 51.9)

16.8± 16.9
(5.4− 66.9)

16.9± 17.0
(5.7− 67.7)

14.0± 11.7
(4.7− 45.5)

16.4± 17.4
(5.0− 68.4)

16.6± 17.3
(5.0− 68.0)

BV60Gy (%) 3.4± 1.3
(1.3− 5.6)

3.7± 1.5
(0.9− 6.8)

3.6± 1.6
(0.9− 6.5)

3.1± 1.4
(1.2− 6.4)

3.6± 1.6
(1.0− 7.4)

3.6± 1.6
(1.0− 7.4)

BV55Gy (%) 6.3± 2.9
(2.1− 13.5)

6.6± 2.8
(1.8− 12.4)

6.6± 2.8
(1.7− 12.2)

5.4± 2.4
(2.0− 10.7)

5.9± 2.5
(1.7− 11.5)

5.9± 2.5
(1.6− 11.4)

BV50Gy (%) 8.4± 3.9
(2.8− 17.8)

8.8± 3.8
(2.5− 16.9)

8.8± 3.7
(2.4− 16.7)

7.3± 3.2
(2.6− 13.7)

7.8± 3.1
(2.4− 14.9)

7.7± 3.2
(2.2− 14.7)

BV46Gy
(%)

10.1± 4.7
(3.3− 20.9)

10.6± 4.6
(3.2− 20.9)

10.7± 4.6
(3.1− 21.0)

9.0± 3.9
(3.2− 16.4)

9.5± 3.7
(3.1− 17.9)

9.4± 3.8
(2.8− 17.8)

BV37Gy (%) 15.7± 7.6
(4.7− 29.8)

15.8± 6.3
(6.0− 29.2)

16.0± 6.2
(5.8− 29.5)

14.5± 6.8
(5.0− 24.8)

15.2± 5.6
(6.0− 27.2)

14.7± 5.6
(5.1− 26.2)

RV60Gy (%) 1.1± 0.9
(0.0− 2.5)

0.2± 0.3
(0.0− 0.8)

0.2± 0.4
(0.0− 1.4)

1.6± 1.7
(0.0− 6.2)

0.3± 0.5
(0.0− 1.8)

0.3± 0.4
(0.0− 1.3)

RV55Gy (%) 5.4± 4.6
(0.5− 16.5)

1.6± 2.4
(0.0− 7.8)

1.2± 2.0
(0.0− 6.6)

5.2± 4.0
(0.8− 13.5)

1.5± 2.1
(0.0− 6.7)

1.1± 1.7
(0.0− 5.7)

RV50Gy
(%)

8.5± 6.6
(1.3− 22.8)

3.3± 4.2
(0.0− 14.1)

2.4± 3.6
(0.0− 11.6)

8.3± 5.4
(2.4− 19.0)

3.1± 3.3
(0.1− 11.0)

2.2± 3.1
(0.0− 9.8)

RV46Gy (%) 11.0± 7.9
(2.2− 26.7)

5.3± 5.5
(0.2− 18.8)

3.9± 4.9
(0.1− 16.3)

11.2± 6.5
(4.3− 23.6)

5.1± 4.3
(0.6− 14.8)

3.4± 4.3
(0.1− 13.4)

RV37Gy (%) 18.2± 10.3
(5.0− 35.6)

12.4± 8.0
(1.7− 29.1)

10.3± 8.1
(1.2− 27.5)

21.6± 8.5
(11.3− 37.4)

15.7± 7.3
(5.4− 26.9)

10.4± 7.9
(2.2− 25.2)

Table 3.5: DVH metrics of interest for CTV, PTV, PB, bladder and rectum from wall
structure optimization objectives planning method. (Mean±Std.Dev.(Min−Max))

Treatment Plans RV60Gy RV55Gy RV50Gy RV46Gy RV37Gy
Pre_IMRT CRW_IMRT 0.002 0.003 0.004 0.004 0.007
Pre_IMRT RW_IMRT 0.002 0.002 0.002 0.002 0.002
CRW_IMRT RW_IMRT 0.890 0.002 0.002 0.002 0.019
Pre_VMAT CRW_VMAT 0.006 0.002 0.002 0.002 0.002
Pre_VMAT RW_VMAT 0.003 0.002 0.002 0.002 0.002
CRW_VMAT RW_VMAT 0.859 0.002 0.002 0.002 0.002
Pre_IMRT Pre_VMAT 0.917 0.650 0.807 0.650 0.033
CRW_IMRT CRW_VMAT 0.139 0.814 0.917 0.917 0.039
RW_IMRT RW_VMAT 0.091 0.594 0.807 0.553 0.753

Table 3.6: Wilcoxon signed-rank test results comparing treatment plans for rectal
DVH metrics. Bold values are statistically significant.

due to organ motion between the CT and MRI as such, the CRW structure offers a
simpler contouring process. Finally, numerous studies used the rectum structure to
optimize and evaluate the rectal dose.32,33,38 In the present study, IMRT and VMAT
treatment plans were generated using CRW and RW contours. The results of the
present study demonstrate that SOH resulted in significant reductions in rectal dose
regardless of planning and contouring technique, but that the effect was most marked
when optimization was performed with RW contours. Although the VMAT technique
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Plan/Metric Pre_IMRT CR_IMRT R_IMRT Pre_VMAT CR_VMAT R_VMAT
CTV Mean

(%)
102.2±0.6

(100.4-102.7)
102.3±0.3

(102.1-103.3)
102.4±0.2

(101.9-102.8)
101.9±0.2

(101.8-102.4)
102±0.2

(101.9-102.4)
101.8±0.2

(101.7-102.3)
PTV Mean

(%)
101.7±0.5

(100.1-102.1)
101.8±0.2

(101.5-102.1)
101.9±0.1

(101.6-102.2)
101.6±0.1

(101.3-101.8)
101.7±0.2
(101.4-102)

101.7±0.1
(101.6-101.8)

PB Mean
(%)

16.3±12.1
(6-51.2)

18.2±15.6
(5.7-64.3)

17.3±15.4
(5.7-63.6)

15.6±13.2
(6-52.9)

18±16.8
(5.6-67.6)

18.4±17.3
(5.5-69)

BV60Gy (%) 3.7±1.9
(1.3-8.8)

3.9±1.7
(1.6-8.9)

3.8±1.9
(1.7-9.6)

3.2±1.2
(1.2-6.3)

3.5±1.3
(1.4-7.3)

3.5±1.4
(1.5-7.6)

BV55Gy (%) 6.4±2.9
(2.1-14.1)

6.7±2.9
(3.1-14.9)

6.4±2.9
(3.2-15.2)

5.4±2.1
(2-10.7)

5.7±2.2
(2.9-12.5)

5.7±2.3
(2.8-12.6)

BV50Gy (%) 8.4±3.8
(2.8-18.2)

8.7±3.6
(4.3-18.9)

8.4±3.5
(4.5-19.1)

7.2±2.8
(2.6-13.9)

7.4±2.9
(4.1-16.2)

7.4±2.9
(4.1-16.4)

BV46Gy (%) 10±4.5
(3.3-21.5)

10.3±4.2
(5.4-22.1)

9.9±4
(5.7-22.1)

8.8±3.5
(3.2-16.8)

8.9±3.4
(5.4-19.4)

9±3.4
(5.2-19.5)

BV37Gy (%) 14.8±7.2
(4.7-30.8)

14.5±5.2
(9.6-28.7)

13.9±5
(9.6-28.7)

13.7±6
(4.9-26.1)

13.5±4.9
(9.7-27.7)

13.4±4.8
(9.1-27.9)

RV60Gy (%) 1.1± 1.8
(0-6.3)

0.1±0.2
(0-0.6)

0.1± 0.2
(0-0.8)

1.7±1.8
(0.1-6.5)

0.1±0.3
(0-1.1)

0.1±0.1
(0-0.3)

RV55Gy (%) 3.9±3.5
(0.5-13.2)

0.7±1.1
(0-4)

0.5±1.1
(0-3.9)

4.3±3.4
(0.9-13.3)

0.8±1
(0-3.8)

0.7±1
(0-3.7)

RV50Gy (%) 6.1±4.9
(1.6-19.3)

1.5±1.9
(0-7.1)

1.3±1.8
(0-6.4)

6.9±4.7
(2.3-18.9)

2.3±1.7
(0.3-6.8)

1.8±2
(0-7.7)

RV46Gy (%) 8±5.9
(2.5-24.3)

2.5±2.6
(0.2-9.7)

2.1±2.4
(0-8.7)

9.6±5.8
(3.9-23.7)

4.9±2.4
(0.8-10)

3.6±3.6
(0-13.1)

RV37Gy (%) 13.2±8.2
(5.2-36.3)

6.9±4.8
(1.9-16.3)

5.8±4.3
(0.3-15.6)

21.8±8.9
(9.6-37.5)

20.1±6
(5.9-26.7)

13.5±9.8
(0-34.8)

Table 3.7: DVH metrics of interest for CTV, PTV, PB, bladder and rectum from full
organ optimization objectives planning method. (Mean± Std.Dev.(MinMax))

Wall Plans Full Organ Plans RV60Gy RV55Gy RV50Gy RV46Gy RV37Gy
Pre_IMRT Pre_IMRT 0.311 0.116 0.101 0.133 0.075
CRW_IMRT CR_IMRT 0.327 0.480 0.221 0.133 0.173
RW_IMRT R_IMRT 0.866 0.859 0.650 0.917 0.033
Pre_VMAT Pre_VMAT 0.001 0.600 0.249 0.249 0.861
CRW_VMAT CR_VMAT 0.038 0.433 0.552 0.075 0.028
RW_VMAT R_VMAT 0.612 0.722 0.382 0.422 0.345

Table 3.8: Wilcoxon signed rank test comparison of treatment plans produced using
wall and full organ optimization structures. Bold values are statistically significant.

did not result in significant reductions in rectal dose compared to static field IMRT,
it did offer better bladder and penile bulb sparing and conformity of intermediate
dose.

Many different dose-fractionation schedules and planning techniques have been
utilized for prostate cancer radiotherapy. The pivotal SOH trial by Mariados et al.32

used an IMRT technique, with a dose of 79.2 Gy in 44 fractions, and rectal doses were
evaluated using rectum as a whole solid organ. In the present study, treatment plans
were generated using a hypofractionated prescription, 60 Gy in 20 fractions, which
has now become a standard option.9,31,74 The PROFIT protocol has been adopted
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clinically by many Canadian centers. This protocol evaluates rectal doses using a RW
structure as opposed to the whole organ. As such RW endpoints depicted in Table
3.3 were used in the present study as planning goals for the rectum.

Figure 3.2: Mean rectal dose-volumes for all six treatment plans (Pre_IMRT,
Pre_VMAT, CRW_IMRT, CRW_VMAT, RW_IMRT and
RW_VMAT) compared to Mariados et al. pivotal trial pre- and post-SpaceOAR c©
hydrogel (SOH) results.

Figure 3.2 depicts the mean rectal dose-volume results for all six treatment plans
generated in this retrospective study in relation to the pre- and post-SOH results
obtained in the pivotal SOH trial by Mariados et al. Even though different endpoints,
optimization structures, and techniques were used to generate pre- and post-SOH
treatment plans in both of these studies, similar gains in rectal sparing were achieved.
Gain in rectal sparing of 25% was considered clinically relevant as this gain was
seen in RV70Gy between use of three dimensional conformal radiotherapy (3D-CRT)
and IMRT for prostate cancer treatment with RV70Gy being linked to high rectal
toxicity.3 Mariados et al. and Song et al.32,33 observed a 25% reduction in RV70Gy
occurring in 95.7% and 97.3% of patients respectively. The corresponding isodose
equivalent in the hypofractionated regime is RV55Gy and as such clinically relevant
reduction of 25% was seen in 92% (12/13) of patients for RW plans and 85% (11/13)
of patients for CRW plans. Furthermore, a 50% reduction of RV55Gy was seen in
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85% (11/13) of patients for all post-SOH treatment plans.
The rectal dose in all six wall optimization plans was compared to determine

which optimization structure or treatment technique was most effective. The RW
optimization structure was shown to result in significantly lower rectal doses than the
CRW optimization structure (Table 3.6, Figure 3.2) regardless of planning technique.
Although the RW optimization structure was shown to be significantly better for
rectal dose, the CRW structure achieved rectal doses similar to those published in
other SOH studies such as Mariados et al.32 (Figure 3.2). This trend followed for
all plans with the exception of RV60Gy in both VMAT (p = 0.859) and IMRT (p =
0.890) plans and RV37Gy in IMRT (p = 0.019) plans only. The latter has a p-value
which was close to the limit of statistically significant. Meanwhile, the former may be
due to the near zero value of RV60Gy metrics in post-SOH treatment plans. In some
patients, pre-SOH plans experienced an RV60Gy of zero (IMRT: 6/13, VMAT: 4/13)
and as such, there was limited room for improvement of this metric. It is important to
note that the CRW structure offered slightly lower RV60Gy in several patients (IMRT:
3/13, VMAT: 5/13) which caused RV60Gy to be inconsistent with the trend seen in
other dose metrics. The sparing offered by each respective post-SOH treatment plan
was comparable with the reduction seen in many SOH studies.32,33,38–40

The six plan types seen in Table 3.1 were reoptimized with full organ rectum
and bladder structures as often done in clinical practice. All six wall optimization
plans were compared with corresponding full organ optimization plans. There was
no statistically significant difference between rectal dose for these two optimization
structures with the exception of Pre_VMAT RV60Gy. The two optimization struc-
tures produced distributions that appear quite similar from mean, standard deviation
and range (Table 3.5 and 3.7) however the wall organ optimization plans had lower
RV60Gy in all patients. Additionally, both bladder and penile bulb dose indicated
no statistically significant change between plans. The wall optimization structures,
such as CRW and RW, offer no significant difference in plans compared to full organ
optimization methods as seen in many dosimetric studies.32,33,40

Interactions between several optimization objectives is a field that has not been
well characterized in inverse optimization planning. Comparing avoidance structures,
for example rectal wall and complete rectum, creates a complex interaction between
structure optimization objectives. Figure 3.3 compares two plans created with the
complete rectum and the rectal wall structures used as optimization objectives re-
spectively. Total dose near PTV remains the same to ensure PTV coverage, while the
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dose begins to change near the rectum. A portion of the rectum lies within the PTV
and this region has the wall structure dose drop more rapidly (see Pre-IMRT Wall,
red profile line). After entering the hollow wall organ, the wall plan has a lower, less
aggressive slope while the full organ optimized plan has a larger slope. This change
in slope is due to the normal tissue objective becoming dominant in the rectal wall
optimized plan while the whole organ objective remains dominant for the full rectum
optimized plan, hence the change in slope. Both doses meet around 0.8 cm away from
the edge of the PTV where the rectal wall contour begins again. At this point, the
two slopes appear similar indicating both are interacting as rectal contour objectives.
As seen, the rectal dose curve is difficult to predict due to changing dose avoidance
structures used through the optimization process.

Figure 3.3: Comparison of full rectum (blue) and rectum wall (red) optimization
structures. Upper image shows the anatomy information while lower image shows
the total dose distribution across the CT scan.

The dose metrics used in the present study were all, except for one, relative to
the total volume contoured. For consistency purposes, all target and OAR contours
on the anonymized CT datasets were defined and peer-reviewed by a small group of
genitourinary radiation oncologists. The contoured volumes, summarized in Table
3.4, indicate no significant difference between pre- and post-SOH implant except for
the PTV. Since the PTV was an expansion of the CTV, any differences between pre-
and post-SOH CTV were augmented by the application of margins. On average,
post-SOH CTV volumes were 35 ± 8 cc while pre-SOH CTV volumes were 34 ± 7 cc
(p=0.04). The post-SOH CTV volumes were found to be 4.7% larger compared to pre-
SOH volumes after an average per patient ratio. The small, but almost statistically
significant, difference in the CTV median volume was likely due to a combination of
prostate edema from fiducial marker insertion, CTV contouring variation, and differ-
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ences in the prostate appearance on the pre- and post-SOH CT scans. The prostate
edema effect has been well documented after brachytherapy seed implant.75 Intra-
and inter-observer variability of around 10-18%56 have been documented for prostate
contouring on CT. The pre-SOH CTV structures were based on CT simulation while
post-SOH CTV incorporated both CT and MRI offering higher contrast for specific
structures.

Figure 3.4: Mean volumetric modulated arc therapy and intensity modulated ra-
diotherapy post-SpaceOAR c© hydrogel (SOH) rectal dose-volumes achieved in this
study with rectal wall compared to other published SOH studies, including Mariados
et al.32 and Rajecki et al.40

Most SOH dosimetric studies contoured the rectum from the anus to the rectosig-
moid junction32,33,38–40 with the exception of te Velde et al. which contoured the
rectum wall 15 mm superiorly and inferiorly of the caudal or cranial CTV slice for
optimization and plan evaluation purposes. As such, the rectum used to generate
RW in this retrospective study was also contoured from anus to rectosigmoid junc-
tion in order to better compare our study to the current published literature. Mean
post-SOH rectal dose-volumes from several studies are presented in Figure 3.4 with
the dose relative to the prescription. The RW VMAT and IMRT plans offered the
lowest recorded mean rectal dose volumes in this study and were added to Figure
3.2 in comparison. The lowest mean rectal dose-volume metrics are seen with this



50

retrospective planning study followed by Rajecki et al.,40 van Gysen et al.,38 te Velde
et al.,39 Mariados et al.32 and Song et al.33 The observable differences in post-SOH
rectal dose volumes between published studies can be explained in part due to dif-
ferences in absolute rectal and PTV volumes. Song et al.33 had the highest rectal
dose volume of dosimetric studies published with dose volumes twice as high for the
80-90% dose range when compared to van Gysen et al.38 However, patients in Song
et al. had a 36% larger average rectum volume and an 8% larger average PTV vol-
ume compared to van Gysen et al. The larger rectum and PTV size likely resulted
in more overlap between of the PTV and the rectum leading to higher rectum dose
volumes. Mean rectal dose volumes reported for the RW optimization structure in
this study are slightly lower than those reported in other dosimetric studies and more
than 50% lower than van Gysen et al. for the same 80%-90% dose range. However,
PTV volumes in this current study were 30% lower on average while rectum volumes
were 15% higher, likely leading to lower PTV overlap with the rectum and therefore
lower rectal dose volumes.

Bladder dose was evaluated using V60Gy, V55Gy, V50Gy, V46Gy and V37Gy
metrics. Each treatment plan passed the clinical objectives, BWV46Gy < 20% and
BWV37Gy < 40%. There were no statistically significant changes in bladder dose
pre- to post-SOH in VMAT or IMRT treatment plans (p > 0.1) consistent with
other studies.32,33,38 However, VMAT treatment plans resulted in lower bladder dose
compared to IMRT treatment plans (p < 0.007). Mariados et al. cited a BV70 Gy
dose of 11.3% and 11.0% for SOH and non-SOH groups respectively.32 No statistically
significant change in dose between control and SOH treatments was seen by Mariados
et al. indicating the modest improvement in urinary QOL observed in this study
was not necessarily related to full bladder dose. The prescription equivalent bladder
dose-volume for our retrospective study, BV55Gy, was on average 5.4-6.6% with no
statistical significance between pre- and post-SOH treatment plans.

Penile bulb has been shown to be an effective analogue to the dose delivered to
the tissues surrounding the prostate.18 Penile bulb dose was evaluated using mean
dose to compare between studies with each treatment plan passing clinical objectives,
PBV4166cGy < 50%. Hamstra et al.31 indicated a relationship between the penile
bulb dose and erectily dysfunction while reporting a mean PB dose of 14.3 Gy with
SOH. Similarly, Mariados et al.32 observed a pre- to post-SOH decrease in mean PB
dose from 22 Gy to 18 Gy. Mean PB dose (Table 3.5) ranged from 12.0 to 14.9% ,
or an absolute dose of 7.2 to 8.9 Gy. Mean penile bulb dose was found to have no
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statistically significant difference between pre- and post-SOH plans (p > 0.24) while
VMAT treatment techniques yielded lower PB dose with an improvement ranging
from 0.5-1.0% (p < 0.04). Other studies reported higher pre- and post-SOH mean
PB dose while reporting a decrease in mean PB dose from pre- to post-32 which is
inconsistent with the results of this study. The slight increase in mean PB dose seen in
this study is attributed to four patients which had an increase of >20% in post-SOH
PB dose from pre-SOH plans.

Plan/Metric Pre_IMRT CRW_IMRT RW_IMRT Pre_VMAT CRW_VMAT RW_VMAT
Gradient

Measure (cm)
2.49 ± 0.37
(2.04-3.57)

2.39 ± 0.26
(2.11-2.89)

2.44 ± 0.23
(2.18-2.99)

1.65 ± 0.07
(1.52-1.76)

1.72 ± 0.08
(1.63-1.90)

1.66 ± 0.09
(1.52-1.84)

Conformity
Index

0.92 ± 0.05
(0.79-0.97)

0.91 ± 0.03
(0.86-0.97)

0.92 ± 0.03
(0.85-0.95)

0.90 ± 0.01
(0.88-0.91)

0.90 ± 0.01
(0.86-0.92)

0.92 ± 0.03
(0.86-0.99)

Table 3.9: Gradient and conformity indices from six treatment plans.

Finally, the gradient measure (GM) and the conformity index (CI) indices were
useful indicators of plan quality in addition to the OAR dose (Table 3.4). In Eclipse,
GM was defined as the difference between the equivalent sphere radii of the pre-
scription and 50% isodose lines while CI was defined as the volume enclosed by the
prescription isodose surface divided by the target volume. VMAT plans had a sta-
tistically significant (p < 0.002) decrease in GM compared to IMRT while no change
in CI was seen between plans. Although VMAT post-SOH treatment plans offered
lower bladder dose, mean penile bulb dose and lower GM, IMRT treatment plans
were created two times more quickly.

3.5 Conclusions

Rectal dose sparing greater than 25% was achieved in most post- SpaceOAR c© Hydro-
gel treatment plans generated in this planning study. The use of SpaceOAR c© Hydro-
gel significantly reduced rectal dose regardless of optimization structure or treatment
technique employed. The rectal wall optimization structure offered a statistically sig-
nificant reduction in rectal dose compared to the CRW. No statistically significant
difference was found between treatment plans planned with use of wall compared to
full organ rectum structures as optimization objectives. There was no difference in
rectal dose when using VMAT and IMRT treatment techniques, but VMAT offered
lower bladder dose, mean penile bulb dose and gradient measure.
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Chapter 4

SpaceOAR hydrogel rectal dose
reduction prediction model: a
decision support tool for clinicians

4.1 Introduction

Prostate is the most common cancer site in Canadian men excluding skin cancers,
accounting for 20% of new cases each year and over 10% of cancer deaths in men in
2017.1 There exist many options for treatment including surgery, external beam radio-
therapy (EBRT) and brachytherapy. Many patients choose EBRT as their treatment
option, however EBRT results in rectal, urinary and sexual toxicities due to irradiation
of organs at risk (OAR) such as the rectum, bladder and penile bulb.31 The rectum
is the dose limiting organ in prostate EBRT due to its proximity to the prostate.7,71

Products to create space between the rectum and the prostate and thus potentially
reduce rectal toxicities during radiotherapy have been suggested. One such product
is the SpaceOAR c© hydrogel (SOH) which is a polyethylene-glycol based product
injected trans-perineally between the prostate and the rectum, producing space be-
tween the organs. This additional space allows for sparing of the rectum from high
dose, which has resulted in improved quality of life for patients receiving prostate
EBRT.30,32–36

SOH has been shown to reduce the rectal dose using both intensity modulated
radiotherapy (IMRT)32,33,36,39 and volumetric modulated arc therapy (VMAT) tech-
niques.34,38,40 However, rectal dose reduction due to SOH has not been shown to be
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equal in all patients.76 Patients with clinical risk factors such as presence of haemor-
rhoids or previous abdominal surgery have been shown to receive large benefits from
SOH.77 Hutchinson et al. performed a cost effectiveness study to include patient
cost due to loss of income in addition to costs incurred due to medical intervention
of acute and late side effects.78 Results indicated SOH incurred an additional $518
cost with 3D-conformal radiotherapy (3D-CRT) while reducing cost by $2640 when
treating with high dose stereotactic body radiotherapy (SBRT) or stereotactic ab-
lative radiotherapy (SABR). Additional cost effectiveness models have cited a large
range in cost differential of SOH implementation.78,79 Ensuring optimal management
of SOH will allow for the most effective use of resource.

Volume of high dose to the rectum, such as the relative volume receiving 70 Gy
(RV70Gy) in 78 Gy RT prescriptions, has been correlated with increased risk of
rectal toxicity.20,54 For 60 Gy in 20 fractions hypofractionated scheme presented in
this study, biologically equivalent dose for 70 Gy is 54.4 Gy as such an endpoint of
RV55Gy may be used as approximately equivalent for hypofractionated prescription.
Several indicators have been correlated to rectal dose-volume and have been used
in predictive models. Change in rectal volume from pre-SOH to post-SOH plans
has been shown to be proportional to the pre- to post- change in rectal dose.33 The
distance from planning treatment volume (PTV) to rectum has been used to predict
the lowest achievable rectum dose in IMRT prostate cancer treatment.80 Finally,
the overlap between the expanded PTV and the rectum has been related to further
reduction in rectal dose.80,81

The primary aims of this study were to retrospectively determine the pre-SOH
CT metrics which were strongly correlated with a change in rectal dose from pre- to
post-SOH treatment plans and to create linear models that can be used in nomograms
to determine a priori patients that would achieve predefined amount of rectal dose
sparing. Secondary goal was to minimize the number of contours required on pre-SOH
CT for these prediction models in order to create simple and useful decision support
tools.

4.2 Methods

Some of the methods described in this study are similar to the methods used in a
previous paper.69 However, different analysis have been applied to the data resulting
in unique results and conclusions.
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4.2.1 Planning Data Sets

Anonymized CT data set of twenty-two patients with SOH implant between the
rectum and the prostate were selected for this institutional ethics board approved
retrospective study. Patients on this study received a CT scan 30-60 minutes prior
to the fiducial and SOH implant with a comfortably full bladder and empty rectum.
Patients were instructed to void and then drink 750 ml of water within a 15 minute
window, one hour prior and perform a micro-enema two to three hours prior to
the pre-SOH CT scan. SOH was then implanted between the rectum and prostate
transperennially via ultrasound guidance followed by implantation of 3-4 gold fiducial
markers. A post-SOH CT scan and a pelvic MRI were taken one week post implant
with patients following the same bladder and rectum instructions. The MR images
(T1 FSPGR and T2 proton weighted) were registered with the post-SOH CT scans
via the gold fiducial markers and prostate, and were used to contour structures of
interest, in particular the SOH. One patient was removed from the studied data set
due to an empty bladder in the pre-SOH CT scan.

4.2.2 Structure Sets

A standardized structure set was used for each patient with the CTV, rectum, blad-
der, SOH, penile bulb, and femoral heads being contoured. CTV was contoured as
the whole prostate gland and 1 cm of the seminal vesicles to emulate patients with
intermediate risk disease. PTV was produced by adding margins of 7 mm in all
directions with the exception of 5 mm in the posterior direction. The rectum was
contoured from the ischial tuberosities to the rectosigmoid junction as a whole organ
(rectum) and as a wall structure (3 mm inner wall structure created, RW). A second
rectum wall structure was created for plan optimization as per the BC Cancer - Vic-
toria planning guidelines (RW17.5). This is an adapted PROFIT9 structure which
stretches 17.5 mm superiorly and inferiorly of the most extreme PTV slices while
maintaining a wall structure. Similarly, three bladder structures were produced, one
as a whole organ (bladder), on as a wall structure (BW) and one following BC Cancer
- Victoria planning guidelines (BW17.5). SOH and CTV structures were contoured
on the post-SOH CT using the fused MR image as a guide. Penile bulb was contoured
as the bulbous spongiosum below the GU diaphragm and proximal to the penile shaft.
Femoral heads were contoured from the heads of the femur to the area between the
greater and lesser trochanters.
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4.2.3 Treatment Planning

Treatment planning was completed using Eclipse version 13.6 to produce hypofrac-
tionated 60 Gy in 20 fraction single-arc VMAT plans for each CT dataset with final
dose calculations being completed by the anisotropic analytical algorithm (AAA,
version 11.0.31). Two VMAT treatment plans were created per patient by a single
planner, one pre-SOH and one post-SOH. Single-arc VMAT treatment plans were
created using inverse optimization (progressive resolution optimizer version 11.0.31)
with a series of optimization objectives on various structure contours. Rectal wall
(RW) was used as an optimization structure as it has been shown to most effectively
reduce the rectal dose when using SOH.69 Similarly, optimization objectives were
placed on PTV, CTV, bladder wall, penile bulb and femoral heads. Treatment plans
were deemed optimal once the plan evaluation objectives shown in Table 4.1 were
reached with a plan normalization adjustment of less than ±0.5% following the dose
calculation. This strict limit on plan normalization adjustment compared to clinical
practices (up to 5% adjustment for such hypofractionated prostate plans) was placed
to reduce variation between plans due to plan normalization.

Structure Metric (cGy) Volume

PTV V5700 ≥ 99 %
V6300 ≤ 1.00 cc

CTV V6000 ≥ 99%

RW17.5 V4600 ≤ 30%
V3700 ≤ 50%

BW17.5 V4600 ≤ 30%
V3700 ≤ 50%

Lt Femoral head V4300 ≤ 2.5%
Rt Femoral head V4300 ≤ 2.5%

Penile Bulb V4166 ≤ 50%

Table 4.1: Plan evaluation objectives used in VMAT and IMRT treatment planning.

The plan evaluation objectives shown in Table 4.1 were taken from BC Can-
cer - Victoria planning guideline documentation for hypofractionated, 60 Gy in 20
fractions, prostate radiotherapy. These goals were adopted from the PROFIT9 and
CHHiP8 studies on hypofractionated prostate radiotherapy. The RW17.5 and BW17.5
structures refer to the secondary wall structure contoured in which both the RW and
BW are limited to 17.5 mm superiorly and inferiorly of the final PTV slice.
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4.2.4 Metrics of Interest

Several pre-SOH CT geometric descriptors were used as independent metrics in the
development of multiple linear regression predictive models. Indepedent metrics used
in the models were extracted from Eclipse TPS or RadOnc R package version 1.1.5
using RS dicom file. Rectum, RW, PTV, and CTV volumes were all extracted from
Eclipse TPS pre-SOH plan DVH text files. An additional structure was created by a
boolean operation between the PTV and the rectum resulting in the volume of rectum
in the PTV (RinPTV) in Eclipse TPS prior to file export. Bladder and penile bulb
structure volumes were excluded from the process as there was no physical relevance
to rectal dose-volume metrics. RinPTV and CTV volumes were also normalized by
dividing their volumes by the rectal volume allowing for a relative metric as opposed
to an absolute metric. RadOnc R package was a useful tool in accessing further geo-
metric information from structures.82 Rectum limits were defined using RW creating
a rectangular box with dimensions Rx (left/right), Ry (anterior/posterior) and Rz
(superior/inferior). A three-dimensional distance comparison was performed through
the Hausdorff method which compared two structures, treating them as point clouds.
Hausdorff method measures the furthest point between two structures.83 This tech-
nique was employed along each CT slice to return a maximum distance and the mean
across all slices was reported as the distance between rectum wall and CTV (RW-
toCTV). For this measurement, the height limited rectum wall, RW17.5, was used to
ensure consistency in superior/inferior direction. Table 4.2 summarizes the metrics
used as independent predictors of the reduction in rectal dose.

Eclipse Software (cc) RadOnc R Package (mm)
Rectum Wall (RW) Volume Left/Right Rectal Extent (Rx)
Rectum Volume Anterior/Posterior Rectal Extent (Ry)
PTV Volume Superior/Inferior Rectal Extent (Rz)
CTV Volume Distance from RW to CTV (RW to CTV)
Rectum in PTV (RinPTV) Volume

Table 4.2: Independent metrics used in the predictive models were selected from
pre-SOH CT scans using both Eclipse version 13.6 treatment planning software and
RadOnc package version 1.1.5.

A number of dependent metrics were chosen for the modeling and quantified. Two
rectal dose metrics were measured in pre- and post-SOH plans to determine rectal
dose reduction due to SOH implant. A partial integral under the rectal dose volume
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histogram (DVH) was used to represent the high dose component to the rectum.

HDI(cc) = Vrectum

6000 cGy∑
i=5500 cGy

(
∆Di

Dm

)
Vi (4.1)

High dose integral (HDI) was measured from a cumulative DVH where ∆Di was
the bin width (6 cGy for Eclipse TPS DVH text files), Dm was the maximum dose to
the organ, Vrectum was the rectum volume and Vi was the volume in the corresponding
bin. HDI was evaluated for pre- and post-SOH treatment plans from RV55Gy to
RV60Gy to represent rectum dose linked to rectal toxicity.3 Pre-SOH RV55Gy (Pre-
RV55), pre- to post-SOH change in HDI (∆HDI) and change in RV55Gy (∆RV55)
were used as dependent metrics in linear models. Rectal dose reduction metrics are
represented in Figure 4.1.

4.2.5 Statistical Analysis

Modeling began by calculating Pearson correlation coefficients to identify anatomical
features well correlated to dependent metrics. Independent metrics with high Pearson
correlation coefficients were included in multiple linear regression models. Prior to
modeling process, any independent metrics indicating dependence were identified and
only one of them was selected for modelling purposes. As expected both PTV and
CTV as well as rectum and rectum wall volumes were found to be dependent due to
contouring methods. CTV volume was used over PTV volume as CTV represents a
clinical region of interest while PTV is a geometric volume. Furthermore, contour
variations are amplified when a PTV margin is applied. Rectum volume and rectum
wall volume were used interchangeably, but separately.

All independent metrics were initially included in the multiple linear regression
model of a selected dependent metric and then reduced through use of Akaike infor-
mation criterion (AIC) and variance inflation factor (VIF). AIC represents the rela-
tive quality of the linear regression models with lower values indicating more effective
models. A stepwise AIC approach was used in removing independent variables to gen-
erate an optimal linear regression model for each dependent metric (∆HDI, ∆RV55
and Pre-RV55). VIF quantifies the severity of multicolinearity between variables.
Independent metrics with large VIF were also removed from the model until VIF was
acceptable for all variables (VIF < 5).84 Independent metrics chosen for multiple lin-
ear regression were associated with a beta coefficient, β. These coefficients combined
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Figure 4.1: A visual representation of rectal dose metrics (∆HDI, ∆RV55, Pre-RV55)
used as depedent metrics in multiple linear regression modelling. Cumulative DVHs
are displayed with left and right represented in absolute and relative volumes respec-
tively. This DVH produces rectal dose metrics as follows: ∆HDI = 0.161 cc, ∆RV55
= 3.21% and Pre-RV55=5.44%.

with the metric creates a linear representation of the data as shown below.

y = β1x1 + β2x2 + β3x3 + ... (4.2)

In this expression, y is the dependent metric, xi are the independent metrics used
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in multiple linear regression models and βi are the beta coefficients. The relative con-
tributions of each of these independent metrics in describing variance of the data may
be described through a structure coefficient, rs.85 The structure coefficient describes
the contribution of independent metrics to the variance of the dependent metric.

rs =
rpears√
R2

(4.3)

The structure coefficient is described by dividing Pearson correlation coefficient,
rpears, by the square root of R2 from the model. The squared structure coefficient,
r2s , will be reported in this study.

Two models were produced per independent predictive metric: an advanced model
with metrics defined using RadOnc package (Model 1) and a simpler model using
metrics available in Eclipse TPS (Model 2). The selected models were evaluated using
leave-one-out cross-validation (LOOCV) techniques reporting mean absolute error
(MAE) and relative MAE (%MAE).86 MAE represents average absolute difference
between predicted and actual metrics. %MAE was reported by normalizing MAE by
range of dependent metric. R version 3.5.3 was used for statistical analysis. Statistical
tests with p-values less than the statistical significance level of α = 0.01 were deemed
statistically significant.

4.3 Results

Table 4.3 shows the measured min, max, mean and standard deviation of the depen-
dent rectal dose metrics for the 21 patients used to generate predictive models while
Table 4.4 summarizes the statistics for the independent pre-SOH CT scan metrics.
Table 4.5 summarizes the Pearson correlation coefficients between the dependent met-
rics (∆HDI, ∆RV55, Pre-RV55) and the independent variables. Pearson correlation
coefficients between dependent metrics and RinPTV volume indicated strong, statis-
tically significant, positive correlation (R>0.68). Normalized RinPTV was also highly
correlated with dependent metrics with correlations achieving statistical significance
for ∆RV55 and Pre-RV55. RWtoCTV led to a strong, statistically significant, nega-
tive correlation with ∆RV55 and Pre-RV55. No other Pearson correlation coefficients
showed statistically significant results.
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Metric Mean ± Std. Dev (Min-Max)
∆HDI (cc) 0.191 ± 0.122 (0.019-0.425)
∆RV55 (%) 4.5 ± 3.0 (0.8-10.8)

Pre-RV55 (%) 5.9 ± 3.7 (0.8-13.5)

Table 4.3: Statistical summary of the dependent metrics for the 21 patients used to
model change in rectal dose after SOH implant.

Metric Mean ± Std. Dev (Min-Max)
Rectum Vol. (cc) 79.2 ± 32.1 (35.5-149.7)

Rectal Wall Vol. (cc) 35.5 ± 9.7 (20.5-57.8)
CTV Vol. (cc) 39.9 ± 17.2 (24.6-91.5)

Normalized CTV Vol. (%) 62.3 ± 51.7 (19.6-257.7)
RinPTV Vol. (cc) 2.4 ± 1.5 (0.1-5.3)

Normalized RinPTV Vol. (%) 3.4 ± 2.4 (0.2-10.4)
RWtoCTV (cm) 2.18 ± 0.26 (1.71-2.63)

RWtoCTV Cubed (cc) 10.36 ± 4.06 (4.99-18.21)
Rx (mm) 49.9 ± 7.9 (37.5-63.7)
Ry (mm) 65.1 ± 9.5 (46.8-92.2)
Rz (mm) 104.0 ± 15.3 (80.0-137.5)

Table 4.4: Statistical summary of independent geometric variables for the 21 patients
extracted from pre-SOH CT scans using Eclipse software and RadOnc R package.

Pearson Correlation CoefficientsMetrics
∆HDI (cc) ∆RV55 (%) Pre-RV55 (%)

Rx (mm) 0.32 -0.21 -0.17
Ry (mm) 0.31 0.12 0.16
Rz (mm) -0.16 -0.46 -0.42

Rectum Vol. (cc) 0.13 -0.38 -0.33
Rectum Wall Vol. (cc) 0.11 -0.37 -0.32

RinPTV Vol. (cc) 0.72 0.68 0.76
Normalized RinPTV Vol. (%) 0.54 0.90 0.92

CTV Vol. (cc) 0.24 0.22 0.27
Normalized CTV Vol. (%) 0.00 0.29 0.32
RW to CTV Dist. (cm) -0.32 -0.56 -0.61

RW to CTV Dist. Inv. Cubed (cc-1) 0.40 0.33 0.54

Table 4.5: Pearson correlation coefficients between dependent metrics and indepen-
dent variables. Bold entries represent statistical significance.

4.3.1 Change in High-Dose Integral (∆HDI) Models

Change in high-dose integral, ∆HDI, an absolute dose-volume metric, ranged from
0.019 to 0.425 cc. ∆HDI models retained RinPTV and CTV volumes for Model 2
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(p < 0.001, R2=0.57) with the addition of Rx, Ry and Rz for Model 1 (p < 0.001,
R2=0.72). Contributions to the linear model (ie., β and r2s) are shown in Table 4.6.
RinPTV volume maintains the largest structure coefficient in both models. This
dependent rectal dose metric is not commonly used in the clinical setting to evaluate
rectal dose reduction, as such the change in RV55Gy (∆RV55) was also explored as
a dependent metric to predict rectal dose reduction.

∆HDI Models
Model 1 Model 2Metrics
β rs2 β rs2

Constant 0.46 ± 0.58 - 0.73 ± 0.51 -
RinPTV Vol. (cc) 0.063 ± 0.012 0.71 0.058 ± 0.013 0.91
CTV Vol. (cc) 0.0012 ± 0.0011 0.08 0.0016 ± 0.0011 0.10

Rx (mm) 0.0064 ± 0.0023 0.14 - -
Ry (mm) -0.0016 ± 0.0020 0.13 - -
Rz (mm) -0.0016 ± 0.0013 0.03 - -

Table 4.6: Beta, βi, and squared structure, r2s , coefficients for models predicting
change in high-dose integral (∆HDI) under the rectal DVH.

4.3.2 Change in RV55Gy (∆RV55) Models

Change in RV55Gy, ∆RV55, a relative dose-volume metric, varied between 0.8 and
10.8% for the 21 patients selected demonstrating large variations in rectal dose sparing
using SOH. ∆RV55 was predicted using normalized RinPTV, rectum volume and
RWtoCTV for Model 1 (p < 0.0001, R2=0.83) and with only normalized RinPTV
volume for Model 2 (p < 0.0001, R2=0.81). Model coefficients are summarized in
Table 4.7. The normalization of RinPTV volume produced higher Pearson correlation
coefficients compared to RinPTV volume metric resulting in a metric with structure
coefficients of about 1.00. Although more clinically relevant, ∆RV55 on its own does
not offer enough information regarding pre-SOH rectal dose and must be combined
with pre-SOH dose information to become clinically useful.
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∆RV55 Models
Model 1 Model 2Metrics
β rs2 β rs2

Constant 0.46 ± 0.58 - 0.73 ± 0.51 -
Normalized RinPTV Vol. (%) 1.25 ± 0.18 0.97 1.10 ± 0.12 1.00

RW to CTV (cm) 2.34 ± 1.68 0.38 - -
Rectum Vol. (cc) -0.0077 ± 0.0101 0.18 - -

Table 4.7: Beta, βi, and squared structure, r2s , coefficients for models predicting
change in RV55Gy (∆RV55).

4.3.3 Pre-SOH RV55 Gy (Pre-RV55) Models

Pre-SOH RV55Gy (Pre-RV55) models may offer insight to relative change in rectal
dose, a metric often cited in SOH papers. Pre-RV55 was measured to be 5.9±3.7 %
on average and ranged from 0.8 to 13.5% for the 21 patients analyzed. Pre-RV55 was
predicted with the use of many metrics, including rectum or RW, CTV and RinPTV
volumes (Table 4.8). The distance between RW and CTV was cubed and produced
an effective correlation for Model 1 (p < 0.0001, R2 = 0.87) but was omitted for
Model 2 which only includes RW and RinPTV volumes as predictors (p < 0.0001, R2

= 0.80). RinPTV contributed most to models with structure coefficients of 0.66 and
0.71 respectively.

Pre-RV55 Models
Model 1 Model 2Metrics
β rs2 β rs2

Constant -8.66 ± 5.15 - 7.42 ± 1.52 -
RinPTV Vol. (cc) 0.92 ± 0.47 0.66 2.10 ± 0.26 0.71

Rectal Wall Vol. (cc) - - -0.19 ± 0.04 0.13
RW to CTV Inv. Cube (cc-1) 48.9 ± 17.3 0.34 - -

Rectum Vol. (cc) -0.029 ± 0.01 0.13 - -
CTV Vol. (cc) 0.072 ± 0.026 0.08 - -

Ry (mm) 0.098 ± 0.057 0.03 - -

Table 4.8: Beta, βi, and squared structure, r2s , coefficients for models predicting pre-
SOH RV55Gy (Pre-RV55).

4.3.4 Leave-One-Out Cross Validation (LOOCV)

Results from LOOCV analysis resulted in MAE and %MAE for each model as re-
ported in Table 4.9. ∆RV55 models offered lowest %MAE at 9.6% and 11.8% while
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∆HDI models offered highest %MAE at approximately 20%.

Model MAE %MAE
∆HDI Model 1 (cc) 0.085 20.9%
∆HDI Model 2 (cc) 0.081 20.0%
∆RV55 Model 1 (%) 1.27 12.9%
∆RV55 Model 2 (%) 0.96 9.6%

Pre-RV55 Model 1 (%) 2.07 16.3%
Pre-RV55 Model 2 (%) 1.85 14.5%

Table 4.9: Results from leave-one-out cross validation (LOOCV) statistical test to
examine effectiveness of chosen models. Mean average error (MAE) and relative
mean average error (%MAE) were reported.

4.4 Discussion

This study sought to produce predictive models to inform on effectiveness of SOH
implant regarding rectal dose sparing based on data from 21 patients. Metrics quanti-
fying high dose (Pre-RV55, ∆RV55 and ∆HDI) were used as dependent dose metrics
in the linear models. Independent pre-SOH volume metrics of interest were selected
based on previous studies and Pearson correlation coefficients. Pearson correlation co-
efficients indicated that volume of RinPTV (absolute and normalized) and RWtoCTV
distance (absolute and inverse cubed) provided highest correlation to dependent rec-
tal dose metrics (Table 4.5). These findings are in line with other studies. More
specifically, Wang et al.80 found the overlap between PTV and rectum was related
to reduction of rectal dose and the distance from PTV to the rectum was used to
predict lowest achievable rectal dose. Mariados et al.32 indicated the change in rec-
tum volume from pre- to post-SOH plans was shown to be proportional to change in
rectal dose. Rectal volume metrics such as rectum or RW volumes and RinPTV were
correlated to the change in rectal dose metrics in this retrospective study (Table 4.5).

Stepwise approach of linear regression models using AIC and VIF for model se-
lection retained a variety of independent variables for each dependent metric. Two
models were produced for each dependent metric: Model 1 and Model 2. Model 1
represented best fit with metrics available using both RadOnc R package and Eclipse
TPS. RadOnc R package metrics require additional computation time making them
less clinically practical where decisions must often be made promptly. As such, Model
2 was developed without application of RadOnc metrics using only volumes avail-
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able from Eclipse treatment planning software. These models were evaluated with
LOOCV which removed a single sample from the model and re-performed the linear
regression. A new predicted value was compared to the measured value of the model
for all 21 datasets. The difference in measured and predicted was averaged over all
datasets, producing a mean absolute error (MAE). Subsequently, the relative mean
absolute error (%MAE) was reported. %MAE indicated average percent difference
between actual and predicted values. All linear regression models were evaluated in
this manner.

Relative MAE was reported to be 9.6-14.6% for ∆RV55 and Pre-RV55 models,
increasing to approximately 20% for ∆HDI models. This metric from LOOCV model
evaluation represents the uncertainty in the model after predicting a dependent rec-
tal dose reduction metric. Increasing the number of patients within the modeling
process should decrease the %MAE as variation from the linear model decreases thus
improving the quality of predictive models.

Describing rectal dose information through a single metric is difficult to accom-
plish. High rectal dose has been associated with increased risk of rectal toxicity,20,54

and should be encompassed in the metric of interest for rectal dose reduction. RV70Gy
is a commonly used metric in prostate radiotherapy plan evaluation for 78 Gy pre-
scription treatments. A 25% decrease in RV70Gy was reported when moving from
3DCRT to IMRT as a treatment technique.3 This metric has been used in SOH
studies to evaluate the effectiveness of SOH implant for rectal dose reduction.22,32,33

Corresponding relative dose prescription in hypofractionated prescription is approx-
imately RV55Gy. However, a single dose-volume endpoint does not encompass the
entire high dose-volume region. As such, a novel metric was designed to represent
rectal dose reduction in linear regression models, termed the high dose integral (HDI).
It was hypothesized that ∆HDI from pre- to post-SOH may be predicted using pre-
SOH anatomical metrics for representation of rectal dose reduction, offering higher
correlation compared to a single metric, such as RV55Gy.

HDI corresponded to the integral under rectal DVH from RV55Gy to RV60Gy
which encompassed rectal dose region of interest. ∆HDI was found to be strongly
and positively correlated to RinPTV volume and as such was used to generate model
parameters seen in Table 4.6. ∆HDI prediction model 1 achieved an R2 of 0.72 while
using Rx, Ry and Rz as well as CTV and RinPTV volumes. This ∆HDI model has a
statistically significant correlation and %MAE of 20.9%. Several metrics in this model
are unavailable in standard Eclipse treatment planning software. Implementation
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of these models to the Varian API was considered, but was not pursued. Instead,
model 2 was developed to improve clinical applicability even though the model has a
smaller but still strong R2 of 0.57 along with a %MAE of 20.0%. ∆HDI may capture
a broader representation of rectal dose reduction due to SOH but it is difficult to
interpret clinically. As such, models for RV55Gy, a common metric used in plan
evaluation, were also developed.

Prediction of ∆RV55 provides a more intuitive model for rectal dose reduction.
∆RV55 Model 1 and Model 2 presented in Table 4.7 offered R2 values of 0.83 and
0.81 respectively and achieved statistical significance. RWtoCTV (rpears = −0.56)
offered a higher correlation compared to inverse cubed metric (rpears = 0.33). %MAE
for each model was near 10% indicating less variation compared to ∆HDI. ∆RV55
models provided higher R2 correlation, lower %MAE and lower p-value compared to
∆HDI models. This finding disproved our hypothesis that ∆HDI may be a better
predictor of SOH rectal dose sparing compared to a single rectal dose metric. Finally,
∆RV55 is a more intuitive metric making these models more clinically applicable.
However, this metric took a single point along rectal DVH while ∆HDI examines the
entire high dose region.

Model P-Value R-Squared MAE %MAE
∆HDI Model 1 (cc) p < 0.001 0.72 0.085 20.9%
∆HDI Model 2 (cc) p < 0.001 0.57 0.081 20.0%
∆RV55 Model 1 (%) p < 0.0001 0.83 1.29 12.9%
∆RV55 Model 2 (%) p < 0.0001 0.81 0.96 9.6%

Pre-RV55 Model 1 (%) p < 0.0001 0.87 2.07 16.3%
Pre-RV55 Model 2 (%) p < 0.0001 0.80 1.85 14.5%
%∆RV55 Model (%) p < 0.01 0.31 17.8 17.8%

Table 4.10: Summary of p-value, R squared and MAE from LOOCV for each linear
regression model presented.

Percent reduction in RV55 Gy (%∆RV55) was used in many SOH studies and
may provide guidance for clinicians. Pre-RV55 models were produced and combined
with ∆RV55 models to produce a model predicting %∆RV55.

%∆RV 55 =
∆RV 55 Model 2

Pre−RV 55 Model 2
× 100 (4.4)

Both ∆RV55 and Pre-RV55 models had R2 larger than 0.80 as seen in Table 4.10.
Combination of ∆RV55 Model 2 and Pre-RV55 Model 2 resulted in a statistically
significant model predicting %∆RV55 but with much weaker correlation (p < 0.01,
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R2=0.31). Using LOOCV yielded %MAE= 17.8%. In this model, any predicted
values larger than 100% were reallocated a value of 100% reduction. A reduction of
100% occurred in 4/21 patients while a reduction larger than 25% was seen in 20/21
patients. Even though %∆RV55 model had lower correlation compared to ∆HDI and
∆RV55 models, this model may be more clinically relevant for SOH management.

Producing clinically useful decision support tools for SOH management was a
priority when developing these predictive models. Nomograms for each dependent
metric (using Model 2) were produced as shown in Figures 4.2 to 4.4 to estimate
∆HDI, ∆RV55 and Pre-RV55 respectively. A workflow diagram (Figure 4.5) was
produced as per radiation oncologist guidance to select a priori patients that po-
tentially could benefit most dosimetrically from SOH implant and therefore aid in
SOH resource management. Limits for the workflow were chosen from Mariados et
al.32 which indicated a mean post-SOH RV70Gy of 3.3%. Pre-RV55 output below
this value may not receive significant rectal dose reduction from SOH implant due
to already low dose. A similar limit may be placed on %∆RV55 removing patients
below 25% rectal dose reduction, a threshold used to indicate effectiveness of SOH
implant in various studies. For the 21 patients in this retrospective study, %∆RV55
was predicted through the linear model to be 77.6±16.2% with a minimum reduction
of 43.7%. All patients were predicted to experience a reduction greater than 25%
with 20/21 patients predicted to experience reduction greater than 50%. In mea-
sured results, 20/21 experienced reduction of 25% with a minimum reduction of 20%
and 18/21 experienced a reduction greater than 50%. As such, the %∆RV55 model
over-predicted relative change in rectal dose. A limit of %∆RV55 below 25% may not
significantly reduce number of patients but does ensure SOH effectiveness. Limits on
Pre-RV55 and %∆RV55 may be adjusted to remove greater or fewer patients. Current
limits on Pre-RV55 Model 2 removed 7/21 patients from implant pool while %∆RV55
removed one additional patient. Overall, suggested workflow limits removed a third
of patients in which SOH was deemed least dosimetrically effective.

These models may offer effective SOH management guidelines, however they have
many limitations. The maximum ∆RV55 from pre- to post-SOH observed was ap-
proximately 10% (Table 4.3) and as such any value predicted above this value may
have a large associated error. Limits could be applied to independent geometric vari-
ables (Table 4.4), specifically RinPTV, but this would limit the application of the
model. For a patient with RinPTV volume=0 cc, many of these models will not be
applicable.
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Models were built using dosimetric information from plans where a specific PTV
margin was applied. Other PTV margins may change RinPTV metrics along with
RV55Gy dose. Reducing PTV margins would reduce RinPTV, which subsequently
reduces predicted Pre-RV55 and change in rectal dose metrics. Metrics collected in
this study were measured using specific guidelines. Varying these guidelines would
result in changes to linear regression correlations and coefficients.

Linear regression has been applied in a study by Hwang et al. which produced
models correlating hydrogel placement, perirectal space creation and rectum dosime-
try for prostate SBRT.87 This model was used to evaluate hydrogel placement as a
learning tool to reduce learning curve seen in hydrogel implant.88 Models were pro-
duced based on post-SOH CT scans with distance from CTV to rectum as a primary
metric to predict rectal dosimetric endpoints. The definition of distance between
CTV and rectum was different compared to the study presented here but the use of
a similar metric between models is significant. A pre-SOH decision model study was
completed by van Wijk et al.76 which produced a virtual spacer implant model. This
simulated an implantable rectal spacer (IRS) to help identify patients in which IRS
was not beneficial. This study offered a decision support tool which provides cost
effectiveness analysis along with toxicity prediction. Models presented here predicted
change in rectal dose using nomograms after a single pre-SOH CT scan and contour-
ing of rectum and CTV structures. Implementing these linear models requires an
additional CT scan prior to SOH implant. This additional step in patient process
increases dose, requires further resources for contouring, CT scan scheduling and may
be subject to error from bladder and bowel preparation methods.

Identifying patients that would benefit dosimetrically earlier in the process would
aid in decision making for doctors. Applying these models to diagnostic CT scans
would improve the workflow of SOH management. Identifying patients for which
SOH is most effective during the diagnostic phase would improve the implementation
of such a process. Such a task may be performed with radiomics packages available
in languages such as R and Python. However, new linear regression models would
need to be developed for application with diagnostic CT scans. No RT specific blad-
der and bowel preparation is completed by patients receiving a diagnostic CT and
therefore correlations between anatomical features would differ. Additionally, the lack
of specific bowel preparation may reduce correlation with dose as patients perform
preparation prior to planning CT and radiotherapy treatment. This causes a change
in rectal size greatly affecting relative metrics applied in linear regression models.
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4.5 Conclusions

Predictive models were created for change in high dose integral (∆HDI), change in
RV55 Gy (∆RV55) and pre-SOH RV55 Gy (Pre-RV55). All models reached statistical
significance with ∆RV55 and Pre-RV55 models offering an R2 greater than 0.80 and
mean absolute error between 9.6-16.3%. Volumes of rectum in PTV, CTV and rectal
wall offered highest correlation with dependent metrics. Distance between rectal wall
and CTV contours offered high Pearson correlation but was not included in Eclipse
based only models (ie., Model 2). Applying a lower limit of 3.5% on the Pre-RV55
removed a third of patients (7/21). Linear predictive models along with specific limits
offer decision support tools for more effective SOH implant management.
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Figure 4.2: Nomogram prepared from change in HDI Model 2. RinPTV and CTV
volumes can be used to determine the predicted change in HDI from pre- to post-SOH
implant.
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Figure 4.3: Nomogram prepared from change in RV55 Gy Model 2. The points
contributed from the normalized RinPTV volume will correlate to the change in
RV55 Gy metric as per model.
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Figure 4.4: Nomogram prepared from pre-SOH RV55 Gy Model 2. Both rectal wall
and RinPTV volumes contribute to the model, from which the pre-SOH RV55 Gy
metric can be predicted.
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Figure 4.5: Decision making flow chart applying pre-SOH RV55 Gy and %∆RV55
models. A limit of 3.5% was used for pre-SOH RV55 and a percent reduction of 25%
was expected from SOH use.
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Chapter 5

Conclusions

The purpose of this research was to examine application of SpaceOAR c© hydrogel
(SOH) in prostate cancer radiotherapy. Optimal treatment technique and optimiza-
tion structure for treatment planning were determined. Several models were produced
to predict rectal dose reduction based on pre-SOH CT scans. These tools aided in
clinical implementation of SOH at BC Cancer - Victoria.

A retrospective planning study evaluating optimal treatment technique and op-
timization structure was performed on thirteen anonymized CT sets. Six treatment
plans per patient were created with a pre- and two post-SOH plans planned for both
IMRT and VMAT. Each post-SOH plan applied a different optimization structure, ei-
ther the rectal wall or composite rectum wall. Rectal dose sparing greater than 25%
was achieved in most post-SOH treatment plans generated in this planning study.
The use of SOH significantly reduced rectal dose regardless of optimization structure
or treatment technique employed. The rectal wall optimization structure offered a
statistically significant reduction in rectal dose compared to the CRW. There was
no difference in rectal dose when using VMAT and IMRT treatment techniques, but
VMAT offered lower bladder dose, mean penile bulb dose and gradient measure. BC
Cancer - Victoria now treats all patients receiving SOH are treated with VMAT using
RW as an optimization structure.

Rectal dose reduction prediction models were produced using twenty-one anonymized
CT scans using linear regression modelling methods. Change in high dose integral
(∆HDI), change in RV55 Gy (∆RV55) and pre-SOH RV55 Gy (Pre-RV55) were used
as dependent metrics for linear modeling. Two models were produced per dependent
metric. Model 1 included RadOnc R package and Eclipse metrics while Model 2
used only metrics available in Eclipse TPS. All models reached statistical significance
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with ∆RV55 and Pre-RV55 models offering an R2 greater than 0.80 and mean abso-
lute error between 9.6-16.3%. Rectum in PTV, CTV and rectal wall volumes offered
highest correlation with RV55 Gy metrics. Distance between rectal wall and CTV
contours offered high Pearson correlation but was not included in Eclipse based only
models (ie., Model 2). Several tools were produced to aid in clinical decision making
including nomograms for simple Eclipse models and a flowchart indicating decision
making process. Applying a lower limit of 3.5% on the Pre-RV55 removed a third of
patients (7/21). A test data set to examine the validity of linear models produced
would provide further confirmation of clinical application.

These studies have provided guidelines and best practices for application of SOH
in a clinical setting with VMAT treatment using rectal wall optimization structure
already implemented in BC Cancer - Victoria. Clinical protocols have been devel-
oped with more stringent constraints based on this work to maximize rectal sparing.
Addition of a priori predictive models for rectal dose reduction will aid in ensuring
effectiveness of SOH implant in patients. Identifying these patients early will aid in
SOH resource management, as such applying these models to diagnostic CT scans
would improve the workflow. Further development of models and clinical methods
will allow for more effective decision making. Overall, SOH implant reduced rectal
dose in 20/21 patients by 25% or more. Finally, many factors have been identified
that are able to effectively predict this reduction in rectal dose.
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Chapter 6

Appendix

RadOnc package in R was applied for modelling of rectal dose with pre-SOH CT met-
rics.82 Documentation has been created by Thompson∗ to help walk through RadOnc
package.89 The code below is a simplified version of this documentation offering help
with simple commands in R. This code was used to extract metrics such as volume,
distance between contours and dose metrics. R v3.5.3 was used to determine linear
models predicting rectal dose reduction with application of SOH. Sample code for
both of these methods has been displayed here.

6.1 Importing DICOM.RT

Importing DICOM.RT into R using RadOnc package allows to extract metrics easily
along with a third party software to examine contours without requiring Eclipse. The
DICOM.RT files are quite large but may be viewed one at a time in a convenient
manner. These can be exported by going to the treatment plan of interest, selecting
File −→ Export −→ Wizard. The treatment plan or images may be exported. When
exporting the entire treatment plan, be sure to select "Include structure set", "In-
clude image slices of 3D volume", "Include reference images", "Generate structure
outlines", and "Total plan dose". The dose can be exported in either relative or
absolute dose. Finally, select a location by selecting "Change for all objects" to save
the file to the location of interest. A new folder can now be created for the DICOM
files. These files may now be used in conjunction with the RadOnc R package.

∗https://mran.microsoft.com/snapshot/2015-01-16/web/packages/RadOnc/vignettes/RadOnc.pdf
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# Import DICOM.RT image set. Can use this to access 3D CT contours.
dir <- "FILE_DIRECTORY_NAME"
SOH<- read.DICOM.RT(path=paste(dir, "DICOM.RT_FOLDER_NAME", sep=""),

verbose=TRUE, modality="CT")

# Access the structures within DICOM.RT structure set.
soh <- SOH$structures

# Produce a 3D contour plot as seen in Figure 6.1. This sample code was used to
produce a pre-SOH contour plot for patient vi_SPACEOAR_1, and subsequently has
a specific file name attached to each organ.

plot(soh[c("rectum pregelct_29sep17", "ctva(i?)", "bladder pregelct_29sep17",
"penilebulb(i?)")], col=c("brown","blue","green","purple"))

Figure 6.1: A 3D contour plot produced in R using RadOnc package and commands
given above. Brown represents rectum, blue represents CTV, green represents bladder
and purple represents penile bulb structures. This is a useful tool to visualize OAR
in a third party software aside from Eclipse.
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# Pull out range metrics from structures.
r <- range(soh[paste("rectum ",pref,"(i?)", sep="")])
Rx <- r["max","x"] - r["min","x"]
Ry <- r["max","y"] - r["min","y"]
Rz <- r["max","z"] - r["min","z"]

# Perform Hausdorff distance computation between Rectum, CTV and PTV struc-
tures. Note that adding "(i?)" completes string name in R, may gather structures
starting with similar names.

d <- compareStructures(soh[c("rwallvicc(i?), "ptva(i?)", "ctva(i?)")], method="hausdorff",
hausdorff.method="mean")

rownames(d) <- c("Rectum","PTV","CTV")
colnames(d) <- c("Rectum","PTV","CTV")
patientData$RtoPTV[num] <- d["Rectum","PTV"]
patientData$RtoCTV[num] <- d["Rectum","CTV"]

6.2 Importing DVH

Dose volume histogram (DVH) files may be exported from eclipse as .txt files and
subsequently imported to R for analysis. This was done by right clicking on DVH plots
in Eclipse and selecting "Export DVH in Tabular Format". This exports currently
displayed structures in DVH plot, which can be displayed with relative or absolute
dose and volumes. To export all structures, ensure that all structures are displayed in
DVH plot of Eclipse prior to saving text file by selecting all the structures of interest
under the "Dose Statistics" tab.

# Import cumulative DVH extracted from Eclipse treatment plan.
dvh <- read.DVH(file = "INSERT_FILE_ NAME_HERE.txt"), type="aria10",

verbose=TRUE)

# Extract volume information from contours of interest. Command "as.numeric"
converts from string to double. In this case, "num" is the patient number.

patientData$Rvol[num] <- as.numeric(dvh["Rectum"]$"Volume")
patientData$PTVvol[num] <- as.numeric(dvh["CTVa(i?)"]$"Volume")
patientData$Rinvol[num] <- as.numeric(dvh["RinPTV(i?)"]$"Volume")
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# Extract DVH metrics from imported DVH. This can be done through volume or
dose metrics. Volume metrics can be placed in relative or absolute dose while dose
metrics are relative and return a relative prescription.

patientData$PI_RV37[num] <- dvh["Rectum"]$"V37Gy"
patientData$PI_RV46[num] <- dvh["Rectum"]$"V46Gy"
patientData$PI_RV50[num] <- dvh["Rectum"]$"V50Gy"
patientData$PI_RV55[num] <- dvh["Rectum"]$"V55Gy"
patientData$PI_RV60[num] <- dvh["Rectum"]$"V60Gy"

dvh["Rectum"]$"D50%"
dvh["Rectum"]$"V4600cGy"
dvh["Rectum"]$"V91.66%"

6.3 Linear Modelling

This section reviews simple linear modelling along with how to apply Pearson corre-
lation, AIC and VIF tests to examine validity of modelling. Additionally, a script has
been included to perfrom normality tests such as qq plots and residuals to determine
if fit meets required assumptions.

# Change in HDI models were produced using linear regression modelling. Pear-
son correlations, Aikake information criterion (AIC) and variation inflation factor
(VIF) were used to determine best models. Data was stored in H:/ drive excel file at
BC Cancer - Victoria and can be imported using csv file.

# Read in CSV file of data frame.
pd <- read.table("INSERT_FILE_NAME_HERE", header=TRUE)

# Call necessary statistical packages.
library(Hmisc)

# Examine Pearson correlation to see which independent variables offer signif-
icant correlation.

pearsCor <- rcor(pd, type="pearson")
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# Produce a linear fit predicting initial variable using independent metrics.
fit <- lm(Pl.6_Rku ∼ Rinvol + CTVvol, data=pd)

# Evaluate VIF, AIC and summary of fit to examine if statistically significant.
vif(fit)
AIC(fit)
sum <- summary(fit)

# Apply AIC to step through fits and determine optimal independent variables
for fit. This fit call includes all variables in given data frame.

fit <- lm(Pl.6_Rku ∼ . , data=pd)
step <- stepAIC(fit)

# Linear models were tested for normality of distribution along with plotting fitted
against actual data. This includes a residuals vs fitted plot, normality of the residu-
als, a QQ plot, and fitted vs actual plots. Additionally, this script pulls out the fitted
R-squared value and prints it on the plot. Additionally, the following script prints out
information from LOOCV, fit summary, and VIF.

library(car)
library(MASS)
library(ggplot2)
library(broom)
library(caret)

par(mfrow=c(2,2))

ft = fit
sum = summary(ft)

#Measuring fit using LOOCV methods. This will return MAE evaluating fit.
tr<-train(eval(sum$call[[2]]), data=pd, trControl=trainControl(method="LOOCV"))

#Write fit summary and vif to csv file.
write.csv(tidy(fit),"fit.csv")
write.csv(tr$results,"loocv.csv")
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#Multicolinearity check:
if (grepl(toString(sum$call[[2]]),"+") == TRUE){

#Compare if there is any multicolinearity between variables.
vif = vif(ft)
write.csv(vif,"vif.csv")

}

#Plot Residuals vs Fitted:
plot(fitted(ft),residuals(ft), main = "Residuals vs Fitted", ylab = "Residuals" ,

xlab = "Fitted")
abline(0,0,lty = "dashed",col="red")

#Normality of Residuals:
#Examining the residuals, ensuring that the plot is normally distributed.
sresid <- studres(ft)
hist(sresid, freq=FALSE, main = "Dist. of Studentized Residuals")
xfit <- seq(min(sresid),max(sresid),length=40)
yfit <- dnorm(xfit)
lines(xfit,yfit, col = "blue")

#Continue with normality by looking at the qq plot.
#Looking for a linear trend in this section.
qqPlot(ft, main = "QQ Plot")

#Fitted vs Actual plot:
plot(pd$Response, fitted(ft), col = "blue", pch = 16, cex = 0.7, main = "Reduc-

tion of Eff. Vol.", ylab = "Predicted", xlab = "Measure")
testfit = lm(pd$Response fitted(ft))
abline(tidy(testfit)[[1,2]],tidy(testfit)[[2,2]])

text(0.8*max(pd$Response), 1.4*min(fitted(ft)),paste("R-sq.=",
round(eval(summary(testfit)[[8]]), digits = 4),sep=""))
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Figure 6.2: Sample of script used to evaluate model normality and fit as seen in
Appendix 6.3. Evaluating fit of change in HDI Model 2 described in Chapter 4.
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