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ABSTRACT

Radiation therapy, one of the most common forms of cancer treatment, is continu-

ally evolving with the introduction of new technology, more complex treatments and

more advanced radiation dose calculations. To ensure the effectiveness and safety

of modern radiation therapy, dose measurement tools must improve to accommo-

date these advances. X-ray computed tomography (CT) polymer gel dosimetry is

a unique type of dosimeter that has many advantages and the potential to address

some of the challenges in the verification of dose delivery and calculation in radiation

therapy. This dissertation investigates the advancement of an x-ray CT polymer gel

dosimetry system for use in clinical applications and in particular for deformable dose

verification.

The first part of this work consists of a reproducibility study of an established

x-ray CT polymer gel dosimetry system in an effort to determine the accuracy and

precision of dose measurements made with this system and the feasibility of interbatch

and generic calibration. Gel measurements were found to have excellent agreement
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with Monte Carlo dose calculation when using a generic calibration curve. The ex-

cellent dosimetric and spatial accuracy established in this study suggest that this

dosimetry system is ideally suited for the measurement of high-dose fractionation

treatments such as stereotactic radiosurgery (SRS) or stereotactic body radiation

therapy (SBRT). The second stage was the development and characterization of the

first deformable x-ray CT polymer gel dosimetry system. This study established

the setup reproducibility, deformation characteristics and dose response of the new

deformable system. The dose response was found to be similar to that of the non-

deformable system with similar dosimetric and spatial accuracy when compared to

Monte Carlo dose calculation. The system was also found to have sub-millimetre

setup reproducibility and the deformable dosimeter was found to reproducibly de-

form and relax for external compression of up to 30 mm and over 100 consecutive

compressions. This work established several important characteristics of the new de-

formable dosimetry system and it shows excellent potential for use in the evaluation

of deformable dose accumulation algorithms.

The final component of this dissertation was the use of the newly developed de-

formable dosimetry system in the evaluation of a novel deformable dose accumulation

algorithm, defDOSXYZ. Gel measurements and defDOSXYZ showed excellent agree-

ment in the case of a static control case and this set a benchmark for deformable

dose measurements. Measurements of deformed dose by the gel dosimeter showed

significant disagreement with dose deformed by defDOSXYZ and the dosimetric dif-

ferences were well outside the uncertainties established in the first two studies of this

dissertation. The results from this study provided some insight into potential avenues

of improvement for both the deformable dose calculation and deformable dose mea-

surements. These results were also the first example of deforming dose measured by

an x-ray CT read out gel dosimetry system.

Overall, the results in this dissertation represent a significant advancement in x-ray

CT polymer gel dosimetry and establish its suitability for several clinical applications.
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Chapter 1

Introduction

Cancer diagnosis and treatment is one of the most significant challenges of the Cana-

dian healthcare system. Nearly half of all Canadians are expected to develop cancer

at some point in their lifetime with one in four Canadians expected to die of the

disease [2]. In 2017 there were an estimated 206,200 newly diagnosed cases of cancer

in Canada and over 80,000 deaths, making it the number one cause of premature

death [2]. This amounts to roughly 550 new diagnosed cancer cases and 200 deaths a

day across the country, and with an aging population the rate of incidence of cancer

diagnosis in Canada is expected to grow for the foreseeable future. Cancer is, how-

ever, often treatable with 60% of diagnosed cancer patients in Canada living at least

5 years beyond their date of initial diagnosis. Improvements in cancer prevention and

treatment have led to decreasing age-standardized mortality rates in Canada for the

past 30 years. Although much of this decrease can be attributed to cancer prevention

and early detection efforts, improvement of treatments, including radiation therapy,

have also had a significant impact [2]. Additionally, improvement of cancer treatment

is not just about decreasing overall mortality, as treatment can not only lead to an

increase in life expectancy but also to an improvement in quality of life for cancer

patients.

Radiation therapy, one of the most common forms of cancer treatment, has made

significant advances in recent years with new technology allowing for novel radiation

delivery techniques. With the increasing complexity of treatments and radiation dose

calculations it is imperative that dose measurement tools advance as well to accommo-

date the changing radiation therapy environment and ensure the safety and accuracy

of radiation delivery. Polymer gel dosimetry (PGD) is a unique type of radiation

measurement that has the potential to address a number of current challenges in the
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verification of radiation delivery. Polymer gels use radiosensitive chemicals to measure

the amount of radiation dose absorbed within the dosimeter. With the chemicals dis-

tributed evenly throughout the dosimeter the entire gel acts as the dose measurement

tool, and therefore has the ability to measure dose distributions in three dimensions.

Three dimensional (3D) dosimeters have advantages over more traditional one dimen-

sional and two dimensional dosimeters, and 3D dosimeters are becoming increasingly

important in more advanced radiation delivery techniques. The goal of this work is

to advance an x-ray computed tomography (CT) polymer gel dosimetry system and

establish clinical applications of this system.

1.1 Radiation Therapy

Radiation therapy along with surgery and chemotherapy, is one of the three main

techniques for treating cancer. Chemotherapy can preferentially kill cells with char-

acteristics that are generally associated with cancer, such as high proliferation, but

often does significant damage to the rest of the patient. Surgery is the most common

method of treatment and involves physically removing cancer cells; solid tumours are

often targeted and the gross tumour volume is removed. Radiation kills cells in a

non-discriminatory manner and cancer cells need to be targeted by localizing high

radiation doses specifically to disease sites. The goal of radiation therapy is then to

deliver a prescribed radiation dose to a defined treatment volume while sparing the

surrounding healthy tissue as much as possible so negative side-effects from healthy

tissue toxicities may be avoided. Radiation therapy can be used alone or in conjunc-

tion with chemotherapy and/or surgery and approximately half of all cancer patients

are expected to receive radiation therapy over the course of their treatment [3].

1.1.1 Ionizing Radiation and Interactions with Matter

In a typical radiation therapy treatment, a beam of x-ray photons or electrons are

delivered to a patient with primary photon or electron energies in the MeV range.

In this energy range photons interact with matter through three main processes:

photoelectric effect, Compton scattering and pair production. At the lower end of

photon energies (<26 keV in water) the photoelectric effect is the dominant interaction

in which a bound electron is ejected from the atom when a photon is absorbed [4].

The electron is ejected with a kinetic energy equal to the energy of the incoming
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photon minus the energy required to remove the electron from its bound state. The

probability of this interaction is approximately proportional to Zn

E3 , where Z is the

effective atomic number of the interaction medium, E is the energy of the incident

photon and n is a number that varies between 3 and 5 [5]. This energy dependence

leads to the photoelectric effect becoming insignificant at higher incident photon

energies (>150 keV) and in the energy range most typical of radiation therapy (150

kev - 24 MeV), Compton scattering is the dominant interaction [4]. In a Compton

scattering interaction an outer atomic shell electron is ejected and the photon is

deflected with only a portion of its energy transferred to the ejected electron. The

probability of a Compton scattering interaction is approximately proportional to 1
E

,

so like the photoelectric effect it becomes less important as energy increases but

unlike the photoelectric effect it is largely independent of the atomic number of the

interaction medium. The final major interaction relevant in radiation therapy energy

ranges is pair production, where the incident photon interacts at the nucleus and is

absorbed in the production of an electron-positron pair. Given the rest mass of both

an electron and positron is 511 keV the incident photon must have an energy of at

least 1.022 MeV for pair production to occur and any energy in excess of this from the

incident photon is imparted as kinetic energy split between the positron and electron.

Once the primary photons have interacted and transferred their energy to sec-

ondary electrons, the ejected electrons generated in these interactions will then travel

through the matter and deposit energy along their track. A cascading effect occurs as

ejected electrons interact with molecules creating more ionized molecules and more

ejected electrons; other interactions will cause electrons to lose their energy through

excitations or bremsstrahlung. Bremsstrahlung occurs when high speed electrons are

slowed by Coulomb interaction with the nuclei of atoms and as the electrons are

slowed they convert some fraction of their energy to one or more photons [5]. Energy

is considered to be absorbed by the material when it is deposited by secondary elec-

trons within the material, but not all energy transferred from the primary photons is

absorbed and some escapes via scattered photons and bremsstrahlung radiation. The

energy that is absorbed within the medium is described by a quantity called absorbed

dose, which is defined as the amount of energy deposited in a given mass and has

units of gray (Gy), equal to one joule per kilogram (J/kg).

Ionized molecules are highly reactive and in human cells can lead to significant

damage though the breaking of chemical bounds. The energy is deposited randomly

within human tissue but most of this does little permanent damage as most cellular
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components have many copies and undergo quick replication and replacement. One

critical component to cell survival, DNA, has only two copies within a cell and un-

dergoes relatively infrequent turnover. Radiation induced DNA damage, specifically

DNA double-strand breaks which are often unrepairable, is then what leads to cell

death and tumor eradication in radiation therapy. The amount of absorbed dose

delivered to human tissue can be related to the fraction of cells that will be killed

through DNA damage and therefore the probability that any tumor cells will survive.

For example, 1 Gy of absorbed dose will cause approximately 20-40 double-strand

DNA breaks and will kill roughly 30% of cells in a typical human cell line [6]. To

predict the biological effect radiation therapy will have, it is important to know what

doses of radiation are delivered to tissues within the body. Treatments are planned

with the goal of finding a balance between delivering enough dose to control the

tumour growth and sparing enough of the surrounding normal tissue to avoid unac-

ceptable side effects caused by normal tissue damage. For this reason, advancements

in radiation therapy have focused on delivery techniques which limit dose delivered

to normal tissue and allow for more precise radiation delivery to tumour volumes.

1.1.2 Modern Radiation Therapy Delivery

Modern radiation therapy consists of two main types of treatments: external beam

radiation therapy and brachytherapy. Brachytherapy literally translates to ”short-

” therapy, as permenant or transient radiation sources are directly inserted into a

patient to deliver radiation over as short a distance as possible. This work is concerned

solely with mesurements of external beam radiation therapy which the remainder of

this chapter will focus on. In the earliest days of external beam radiation therapy,

high energy photon beams were achieved by use of cobalt-60 in a treatment machine

known as a cobalt therapy unit. The decay of cobalt-60 produces photons with energy

of 1.17 MeV and 1.33 MeV creating a photon beam with an average energy of 1.25

MeV [4]. In cobalt therapy, the amount of dose delivered was controlled by the length

of treatment, the distance from the cobalt source to the patient and the collimation

of the beam. Modern radiation therapy treatments are delivered by a specialized

piece of equipment known as a medical linear accelerator which can produce a range

of beam energies and also gives more control over the rate at which dose is delivered.

Figure 1.1 shows an image of a linear accelerator and a simple diagram of the major

components within the accelerator treatment head when delivering photon therapy.
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When delivering a photon beam, electrons are produced via thermonic emission and

accelerated by radio frequency pulses in a wave guide to generate a mono-energetic

beam of electrons. The electrons are directed towards a tungsten target, which induces

bremsstrahlung interactions within the target and creates a beam with a spectrum of

photon energies. The maximum energy of the photon beam is the same as the energy

of the electrons that hit the target and the photon beam is then designated by the

voltage required to accelerate the electrons to the energy that produced the beam.

The beam is then shaped by the various filters and collimators within the treatment

head before reaching the delivery target. The entire treatment head sits on a gantry

which allows the x-ray source to rotate about the patient and deliver radiation from

any angle in the plane of rotation. The gantry rotates around a single point, called

the isocentre, which is typically located 100 cm from the x-ray source. The fluence

delivered by the linear accelerator is measured by the monitor ion chamber, and can be

described by a unit known as the monitor unit (MU). The MU of a linear accelerator

is often calibrated for a photon beam so that 1 MU is equal to 1 cGy at isocentre and

at the depth of maximum dose in water for a 10×10 cm2 field. The fluence rate, or

machine dose rate, of radiation delivery is measured in units of MU per minute.

Modern radiation therapy often relies on highly modulated beams to deliver dose

to the patient. The fixed primary collimator reduces the size of the beam prior to

filtering and the two secondary collimators, known as the X and Y jaws and seen in

figure 1.2a, allow for adjustable rectangular field shaping in two dimensions. Tertiary

collimation of the radiation beam is done by the multi-leaf collimator (MLC), which

sits within the linear accelerator head and is made up of high density leaves which

allow for sub-millimetre dynamic shaping of the radiation beam. A typical MLC on a

Varian TrueBeam (Varian Medical Systems, Palo Alto, CA, USA) linear accelerator

can been seen in figure 1.2b and has either 40 or 60 pairs of leaves with the 20 outer

pairs projecting a 10 mm width at isocentre and the 40 inner pairs projecting a 5

mm width at isocentre. The MLC is the basis of modern conformal radiation ther-

apy techniques [7]. In 3D conformal radiation therapy (3DCRT) radiation beams are

delivered from multiple angles with the MLC used to shape the beam to conform to

the shape of the tumour that is being treated. By delivering radiation from different

angles and shielding surrounding tissues from radiation using the MLC, a conformal

3D dose can be delivered to the tumour and normal tissues are significantly spared

from dose. Intensity modulated radiation therapy (IMRT) is similar to 3DCRT in

that several beams at different static gantry angles are delivered to the patient, how-
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(a)

(b)

Figure 1.1: (a) Image of a medical linear accelerator at the Vancouver Island Centre
used in radiation therapy and (b) a schematic of the major components within the
linear accelerator treatment head.
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ever in IMRT the beams are dynamically modulated by the MLC during delivery.

This dynamic modulation of the beam intensity makes it possible to shield normal

tissue more effectively, particularly in cases where the target of high doses are near

or overlapping with critical normal tissues, such as the bowel in prostate treatment.

Inverse-planning and treatment plan optimization also play an important role in de-

livering dose in such a precise manner and will be discussed in the following section.

The precise nature of the MLC collimation in IMRT allows for dose escalation to the

tumour and these highly modulated treatment beams have been shown to improve

patient outcomes and decrease normal tissue complications, making IMRT the stan-

dard radiation therapy treatment for many disease sites [8]. Volumetric modulated

arc therapy (VMAT) is a natural extension of the IMRT treatment technique that

delivers dose in a continuous 360◦ arc around the patient instead of in static beams

[9]. In a VMAT treatment the MLC is continuously modulating the beam intensity,

the gantry is continuously rotating around the patient at varying speed and the dose

rate is dynamically modulated. The continuous delivery of radiation in VMAT treat-

ments provides a decrease in overall treatment time and therefore improved patient

comfort and a decrease in the chance of significant patient motion during delivery.

VMAT deliveries also result in a lower overall ”beam-on” time during treatment (in

other words a lower number of overall MU delivered) which could potentially reduce

the chance of a patient developing secondary malignancies [10–13].

Another advancing area of radiation therapy is the concept of ablative delivery

techniques such as stereotactic radiosurgery (SRS) and stereotactic body radiation

therapy (SBRT). In these treatment techniques, rather than delivering the prescribed

dose in a large number of smaller fractions (typically 2 Gy per fraction over 20-30

fractions), patients are treated in a small number of fractions with a much higher dose

per fraction (6-30 Gy per fraction over 1-5 fractions) [14, 15]. The idea is that with less

time for tumour cells to repair and repopulate, delivering high doses over a relatively

short treatment time will result in a more potent biological effect. The dose escalation

used in these treatments can increase the risk of normal tissue damage and therefore

the delivery of dose and selection of patients must be done carefully. Typically, SBRT

and SRS treatments are used on smaller (<5 cm in diameter) tumours that are well-

defined and have a smaller margin surrounding the tumour. These treatments often

use a MLC with narrower leaves to provide more precise shaping of the radiation

beam. To ensure dose delivery that is as accurate as possible patient positioning is

maintained through specialized patient immobilization techniques, image guidance,
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(a) (b)

Figure 1.2: Images of the treatment head with (a) the MLC leaves retracted and the
X and Y secondary collimators visible and (b) the MLC extended and forming an
aperture typically seen in advanced radiation therapy.
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and the management of patient respiratory motion [15].

1.1.3 Treatment Planning and Dose Calculation

In complex radiation therapy deliveries there are many factors that can affect the way

dose is deposited within a patient and the combination of all these factors determine

the overall dose distribution. In a treatment as complex as VMAT one must consider

the beam energy, dose rate, gantry position, gantry speed and position of each MLC

leaf to determine the state of the radiation beam at each point within the treatment.

To then determine how dose will be deposited in a patient, the beam delivered by

the linear accelerator at each point of the treatment must be simulated as it passes

through the patient anatomy. Given the complexity of this task it is not trivial to

find the optimal delivery plan for each patient, and to achieve this goal a process

known as inverse-planning is used. Inverse-planning works backwards from a list

of weighted dose constraints and a treatment planning system (TPS) optimizes the

relevant variables (leaf positions, gantry position, dose rate, etc.) to determine a

delivery plan to best meet these constraints [7]. In general, the dose constraints

consist of doses prescribed by radiation oncologists to kill the tumour cells and dose

limits for surrounding normal tissues so that normal tissue toxicities are minimized.

Although the TPS may not be able to meet all the constraints it is given due to

physical limitations of the patient anatomy or linear accelerator, it will attempt to

meet them as best as possible [7]. Once the plan of delivery has been optimized a

dose calculation algorithm within the TPS calculates the dose distribution using the

density of tissues from CT images of the patient, a characterization of the radiation

beam specific to the linear accelerator that will be used for treatment, and modelling of

the various collimators. In order to maintain a feasible calculation time, rather than

calculating each particle of the radiation beam and its individual interactions, the

TPS dose calculation splits the primary beam into smaller beamlets and models how

these beamlets will deposit dose based on the patient’s CT data, physical parameters,

and measured beam data.

1.1.4 Quality Assurance

Given the complexities of treatment planning, dose calculation and dose delivery there

are several potential sources of error between what is actually delivered by the linear

accelerator and what is calculated in the TPS. These include physical discrepancies
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of the accelerator itself such as errors in the gantry or MLC position and speed

or dose rate errors [16]. Dosimetric calculation factors used in the TPS are also a

source of potential error, these include the modelling of the MLC leaf ends and edges,

calculation of transmission of radiation through the leaves, calculation of scattered

dose and modelling of the radiation source [16]. There can also be errors within

the treatment plan created during the transfer of data from the TPS to the linear

accelerator due to the corruption of data. Though many of these errors may seem

subtle, given the tight margins and high dose gradients present in modern radiation

therapy deliveries they can potentially have significant impacts on the overall dose

distribution. To ensure these types of errors are minimized, periodic quality assurance

(QA) tests are performed on linear accelerators, CT scanners and the TPS. For many

of these tests the process starts with the commisioning of equipment and software

with QA ensuring consistency over time. These QA tests can involve measurements

using dosimeters and imaging devices that have set tolerances indicating when action

is required to address an issue [17]. Along with the individual QA of equipment

and software used in the radiation therapy treatment chain, induvidual patient plans

also undergo QA tests. To ensure the accuracy of the TPS dose calculation every

treatment plan undergoes a secondary dose calculation check and some treatment

plans undergo patient specific pretreatment verification which is a comprehensive

verification of an individual’s plan prior to treatment [18]. Pretreatment verification

is often used for newer treatment techniques before there is an extended history of

reliable dose calculation and delivery and in cases of high dose fractionation and small

margins like SRS or SBRT. It aims to test all the accelerator and TPS factors as well

as unexpected errors that could occur throughout the entire chain from planning to

delivery; it is designed to be a final check that the planned and approved optimal

treatment matches what is delivered. This type of measurement will often involve

delivering a single fraction of the plan to one or more dosimeters that may or may

not be embedded in a phantom. The dose measured by the dosimeter is compared

to what the TPS predicts and if it falls within an acceptable tolerance the plan can

then be safely delivered to the patient.

1.1.5 Patient Motion in Radiation Therapy

Another major source of uncertainty in the delivery and planning of radiation dose

is patient motion. There can be intra-fraction motion, motion that occurs during
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the delivery of each fraction such as organ motion due to patient breathing or shifts

and rotations of the patient on the treatment couch. There can also be inter-fraction

motion, motion that occurs in between the delivery of fractions that can be caused by

day-to-day differences in patient setup on the couch and internal anatomy changes due

to weight loss or related to the state of the digestive system [19]. Inter-fraction motion

caused by human error during patient setup has the potential to be missed by regular

machine QA, and limiting these types of errors must be considered when implementing

radiation therapy. Patient motion can also occur during simulation stage of treatment,

with orgrans or tumours moving while acquiring planning CT images. Ultimately

these changes to the patient position or anatomy can lead to a difference in the

position and state of the tumor and surrounding normal tissues compared to what

was used to plan the radiation delivery. These differences could then potentially lead

to underdosing of portions of the tumour or overdosing of normal tissue. Ideally,

any motion would be accounted for in a safety margin surrounding the tumour that

is applied during the planning process, however in the case of unexpected motion,

exceptional changes to the anatomy, or overlapping anatomical structures this may

not always be the case. Many steps are taken during treatment to minimize patient

motion, including increasingly precise patient positioning devices to limit day-to-day

changes in patient setup, immobilization devices to restrict patient movement on the

treatment couch and many forms of image guidance during and prior to treatment.

Image guided radiation therapy (IGRT) involves the use of medical imaging devices,

attached to the linear accelerator or installed in the treatment room, to aid in the

accurate delivery of radiation therapy. IGRT can consist of 2D x-ray images [20],

cone beam CT [21] or MR images [22] used to position the patient as close as possible

to the planning setup prior to treatment. Real time images and tracking can also

be used to monitor intra-fraction patient motion and can even be used to gate the

treatment based on breathing motion, only delivering radiation when the patient is in

certain phases of the breathing cycle [23]. In high dose treatments such as SRS and

SBRT more extensive patient immobilization and IGRT techniques are used because

of the high doses, high dose gradients and small error margins associated with these

treatments [15].

In many cases intra- and inter-fraction patient motion is not limited to simple

shifts and rotations as internal changes can occur causing anatomical structures to not

only move, but also deform. With improvements in on-board imaging equipment and

the advent of 4D imaging techniques, adaptive radiation therapy (ART) is emerging as
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a solution to internal patient deformations. ART is the reoptimization or replanning

of a treatment when the original planned images no longer match the current patient

anatomy [24]. In its simplest form ART is done off-line, in between fractions but

with advancements in computing and dose calculation efficiency the potential for

online, real-time ART exists [25, 26]. In order to evaluate the doses in ART that

are delivered and planned on different anatomical states, either due to intra-fraction

motion or over several different fractions, it is necessary to adapt or deform calculated

dose across multiple sets of patient images to a single reference image. To do this dose

deformation, a deformable image registration (DIR) algorithm is used to determine

how each image set deforms to the reference image set. To date a number of different

DIR algorithms and dose warping methods have been developed [27–30]. This type

of deformable dose calculation, however, is difficult to validate and the use of a fully

3D, deformable dosimeter for this validation would be ideal.

1.2 Radiation Dosimetry

As radiation therapy has advanced, tumours that had previously been untreatable

using radiation can now be treated [31, 32]. The ability to deliver more conformal dose

has led to higher doses delivered to smaller volumes with smaller margins surrounding

the treatment area, and treatments can now be delivered closer to critical structures

within the body. These advances have led to improved outcomes for patients [31–33]

and played a critical role in the advancement of cancer treatment but have also led to

radiation treatments that are more complex, both in delivery and calculation. With

more complex treatments and smaller margins for error, the need for advancements

in radiation dosimetry is equally important to ensure that the dose indented to be

delivered is the dose that is actually delivered.

Radiation dosimetry is the measurement of absorbed dose delivered by ionizing

radiation. As mentioned in section 1.1.4, safe and accurate delivery of radiation ther-

apy treatments relies on verification of these treatments through radiation dosimetry.

Traditionally this has been, and still is, performed using one dimensional (1D) dosime-

ters, such as silicon diodes or ion chambers and two dimensional (2D) dosimeters, such

as radiosensitive film and electronic portal imaging devices (EPID). Individual point

dosimeters can also be combined to form 2D or 3D arrays of point measurements and

more recently true 3D dosimeters have started to have an impact in the clinical set-

ting in the evaluation of complex radiation therapy treatments [34, 35]. This section
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will give a brief overview of radiation dosimeters that are currently used in the clinic

and their various roles.

1.2.1 Current Dosimetry Tools

Point Dosimeters

Point dosimeters measure radiation in a single point and can be moved to acquire mul-

tiple measurements in a line to measure dose in 1D. There are several point dosimeters

currently used in the cancer clinic including ionization chambers, thermoluminescent

and optically stimulated luminescent detectors (OSLDs and TLDs), and solid-state

detectors. Ionization chambers (or ion chambers) are essentially air filled cavities

with a polarizing voltage to collect ion pairs produced in air by ionizing radiation.

An example of a clinically used ion chamber can be seen in figure 1.3. The amount of

charge collected is proportional to the dose delivered to the chamber and by applying

corrections for temperature, pressure, and photon energy, one can determine the dose

that would have been delivered to water at the position of the chamber. Ionization

chamber are one of the most precise dose measuring devices and are considered the

’gold-standard’ for point dose measurements. For this reason, ion chambers are often

used in the QA and commissioning of linear accelerators when precise measurements

of the dosimetric output are necessary [36]. Ionization chambers however have rel-

atively large cavities, (they generally range from 2 to 6 mm in diameter) [37] and

therefore even when used in an array have low spatial resolution and are susceptible

to volume averaging artifacts in regions of high dose gradients.

Figure 1.3: A PTW (PTW, Freiburg, Germany) Farmer type ionization chamber.

A TLD is a detector made of a crystalline material, typically LiF or CaF2, and

when exposed to ionizing radiation electrons can be excited to long-lived energy levels

or ’traps’ of the material [38]. When heated the electrons are released from these

traps and produce visible light as the electrons return to a lower energy state and

measurement of this visible light output can be related to the dose absorbed by
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the TLD. OSLDs are similar detectors, but rather than using thermal energy to

release trapped electrons, visible light is used [39]. TLDs and OSLDs are typically

used for personal radiation protection measurements, in-vivo surface dosimetry and

comparison of inter-institute radiation deliveries.

Other solid state detectors used for point measurements include silicon diodes,

metal oxide silicon field transistors (MOSFET) and diamond detectors. These types

of detectors are semiconductors and when exposed to ionizing radiation a charge

is created in the material. The charge can be collected from the active detector

region of the semiconductor through the diffusion of ionized electrons-hole pairs to

opposite sides of the semiconductor junction creating a current that is proportional

to number of ion pairs produced. Solid state detectors have the advantage of higher

sensitivity compared to ionization chambers and can therefore be made to have a

smaller active region making them more suited for measurements in small fields or

other applications where high spatial resolution is needed [5]. Solid state detectors,

however, often require a significant number of correction factors to account for effects

such as temperature dependence, dose rate dependence, field size dependence and

detector orientation [40–43].

2D Dosimeters and Detector Arrays

There are several 2D dosimeters that are used clinically and these provide a more ex-

tensive picture of the deposition of dose than 1D measurements. Radiochromic film

has commonly been used in the clinic for both linear accelerator QA and in some cases,

pretreatment verification. Radiochromic film undergoes a solid state polymerization

reaction leading to a change in colour and optical density of the film when exposed to

ionizing radiation; an example of this can be seen in figure 1.4. Film measurements

offer excellent spatial resolution in two dimensions, are near tissue equivalent and

can be easily embedded within a larger phantom for measurement purposes, but film

measurements require an extensive dose response calibration to convert optical den-

sity measurements to dose and the read out method can be somewhat laborious and

time consuming [44]. Film is often used for mechanical checks where spatial accuracy

is important such as in the measurement of couch, gantry and collimator rotation

walkout. In complex radiation therapy such as IMRT or VMAT, film measurements

are often limted to measuring each beam angle individually or collapsing all MLC

motion to one beam delivery angle for the purpose of delivery verification [40]. Al-
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though it is possible to embed radiographic film within a phantom to validate these

deliveries from multiple beam angles with one film measurement, this can induce some

uncertainty due the direction dependent response of film dosimeters.

(a) (b)

Figure 1.4: Images of radiochromic film after being exposed to ionizing radiation
delivered by a linear accelerator with (a) an open field delivery and (b) a star shot
pattern that was used to measure collimator rotation walkout.

A more convenient 2D dose measurement device is the EPID, which is a flat panel

detector that primarily functions to image and verify patient positioning using the

radiation beam of the linear accelerator. These devices are typically made of an array

of amorphous silicon photodiodes with good spatial resolution and are attached to

most modern linear accelerators which therefore requires little setup and acquisition

time for the purposes of dosimetry [45]. The EPID is often used for mechanical

QA checks such as determing the location of the linear accelerator isocentre and

measurements of MLC leaf positions and movement. A significant amount of research

has been done to use these imaging devices for 2D dosimetry but they do suffer

from some energy dependence due to the lack of water equivalence of the detectors

and require correction for ghosting and image lag in dosimetry measurements [46].

Like film, EPID dose measurements are not able to measure integrated dose over

different gantry angles as they are fixed in position in the radiation beam’s eye view,

as seen in figure 1.1a. They are therefore limited to measuring 2D dose maps at

individual gantry angles and not capable of performing a true 3D dose measurement,

although it is possible to use a set of 2D EPID measurements to make 3D and 4D



16

dose reconstructions [47, 48]. Given the position of the EPID beyond the treatment

couch they are uniquely able to acquire dosimetric information during treatment with

a patient on the couch and without any interference to the beam delivery. For this

reason, in-vivo EPID measurements to verify delivery during patient treatment have

recently been introduced into clinical practice [49, 50].

Another option for 2D dose measurement is with an array of point detectors such as

silicon diodes or ion chambers. Commercial examples of this include the MapCHECK

(Sun Nuclear Corp., Melbourne, FL) dosimeter, which is a 2D array of silicon diodes

[41], or the MatriXX (IBA Dosimetry, Schwarzenbruck, Germany) dosimeter, a 2D

array of ion chambers [51]. These types of detectors are easy to setup and acquire

data with and, given that they are commercial products, come with user friendly

software to acquire and analyze dosimetric measurements. Given the size and cost of

the detectors used they have limited spatial resolution and require corrections to the

individual point measurements. Two-dimensional detector arrays such as these are

often used during machine QA to quickly measure the flatness and symmetry of the

beam profile and ensure that it falls within a pre-determined tolerance.

3D Detector Arrays

In treatments with dynamic gantry motion such as VMAT, 1D and 2D dosimeters fall

short in capturing the integrated dose distribution; the measurement of a static fields

at each gantry angle is simply not possible when the gantry is continuously rotating.

It has also been suggested that 3D dose measurements may even be necessary for

IMRT delivery verification as 2D planar dosimetry may not be able to predict clini-

cally relevant dose errors [52–54]. For this reason, a number of non-planar detector

arrays have recently emerged to address this potential dosimetry need. These include

the commercially available diode arrays, ArcCHECK (Sun Nuclear Corp., Melbourne,

FL) [55] and Delta4 (ScandiDos AB, Uppsala, Sweden) [56], and Octavius 4D (PTW,

Freiburg, Germany) [57], a planar array of ion chambers that rotates synchronously

with the gantry during a VMAT or IMRT delivery. The ArcCHECK dosimeter con-

sists of silicon diodes that are arranged in a helical array embedded in an acrylic

phantom with a 15.5 cm diameter cavity at the centre as can be seen in figure 1.5.

The cavity in the ArcCHECK phantom can be filled with an acrylic plug to avoid the

large air gap, but in either case there are no detectors within the central region of the

dosimeter. Delta4 is also an acrylic phantom, but with two intersecting perpendicular
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planar arrays of diodes. With these arrays the diode measured dose is corrected in

real time for factors including temperature, beam direction, field size, and depth; to

facilitate some of these corrections the linear accelerator gantry angle is determined

by beam entry and exit diode measurements on the ArcCHECK and with a physical

inclinometer attached to the gantry in the case of Delta4. There have been many

studies validating both ArcCHECK and Delta4 as pretreatment verification devices

for both IMRT and VMAT deliveries [58–63]. Although these detector arrays provide

more information than strictly 2D dosimeters and are a better option for more com-

plex deliveries like VMAT, they cannot be considered true 3D dosimeters. Given the

cost of individual detectors and limitations in embedding them within a phantom the

spatial resolution of these dose measurements is relatively low and provides only a

sample of the agreement between planned and delivered treatments. Additionally, the

phantom and detectors are not tissue equivalent and although correction factors are

able to account for the effects of this, in an ideal scenario a dosimeter’s composition

would be near tissue equivalent.

3D Dose Reconstruction

One way to achieve 3D dosimetry is the combination of both measurement and calcu-

lation to reconstruct a 3D dose distribution based on an array of point measurements.

The ArcCHECK’s rotationally symmetric design makes it possible to be used in con-

junction with a software called 3DVH (Sun Nuclear Corp., Melbourne, FL), which

calculates 3D dose for VMAT treatment verification [64, 65]. The 3DVH software

reconstructs a 3D dose distribution by taking dose calculated by the TPS and per-

turbing it using measurements from the ArcCHECK’s helical diode array; Delta4 has

a similar program called Delta4DVH [66]. In both cases the software also has the op-

tion to reconstruct dose directly into patient anatomy by taking TPS calculations and

diode measurements of the delivery. Another dose reconstruction method exists using

an EPID which uses the measurements from individual IMRT fields to reconstruct

the dose into a virtual cylindrical water phantom [67]; a similar dosimetry system

has been developed for VMAT deliveries [68]. While these types of dose calculations

and reconstructions are certainly of clinical value, they are not true 3D measurements

but predictions of dose based on a limited set of data. The verification of a complex

treatment plan would ideally involve a true 3D dosimeter.
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Figure 1.5: Image of the ArcCHECK detector setup on the linear accelerator couch.
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3D Dosimeters

True 3D dosimetry in modern radiation therapy involves either radiochromic dosime-

ters or polymer gel dosimeters. Radiochromic 3D dosimeters include micelle gels

[69, 70], silicone based dosimeters [71, 72] and a dye-based polyurethane dosime-

ter called PRESAGE R© [73]. In micelle gels a radiochromic leucodye is dissolved in

micelles dispersed throughout an aqueous gel, in silicone based gels the leucodye is

dissolved in chloroform with a silicone elastomer serving as the 3D matrix and in

PRESAGE R© gels the polyurethane of the dosimeter is doped with a leucodye. In

these radiochromic dosimeters, the leucodyes change colour when exposed to radiation

and this change can then be read out by an optical CT scanner.

Polymer gel dosimeters are 3D, tissue equivalent, dosimeters that have excellent

spatial and dosimetric resolution. These characteristics make them unique in the

world of radiation dosimetry and provide advantages over many other dosimeters.

The flexible nature of the gelatin matrix also make polymer gels an interesting candi-

date for the validation of deformable or four dimensional (4D) dose calculation. After

irradiation polymer gels are generally imaged using x-ray CT, optical CT, magnetic

resonance imaging (MRI) or ultrasound imaging to extract the relevant dosimetric

information [34]. The fabrication, irradiation and readout of gel dosimeters is of-

ten labour and cost intensive, limiting their use as an everyday QA tool. However,

the positive attributes of polymer gels make them a potentially powerful tool for

commissioning new delivery techniques or dose calculation methods and end-to-end

dosimetry tests. A detailed overview of polymer gels and x-ray CT readout will be

discussed in Chpater 2.

1.3 Dissertation Scope and Motivation

Given the recent advancements in radiation therapy it is clear that the tools of ra-

diation dosimetry must evolve to meet the ever changing needs for safe and effective

delivery of radiation treatments. To this point radiation dosimetry has managed to

meet the demands imposed by these technological advancements, but one could argue

with the adaptive radiation therapy and dose warping calculations that delivery and

calculation techniques have moved beyond the ability to verify their reliability. It is

also conceivable that radiation delivery techniques will continue to advance and grow

more complex and for patients to see the benefit from these future developments there
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must be more sophisticated dosimetric tools in place.

The work presented in this dissertation investigates the use of a polymer gel

dosimetry system for clinical applications and in particular for deformable dose veri-

fication. This dosimetry system was previously investigated by University of Victoria

student Dr. Holly Johnston. This type of gel is designed to be read out by x-ray CT

imaging and has improved dose sensitivity over previous x-ray CT gels [74]. The pre-

vious work on this gel system focused on initial characterization of the gel response,

the use of multi-slice CT scanning techniques for gel read out and other issues asso-

ciated with the gel response. This work will move towards determining the clinical

applications of this system and what role it may have in radiation dosimetry.

Chapter 2 provides background information on polymer gel dosimetry and other

3D dosimeters, x-ray CT imaging, deformable dose calculation and reviews the current

state of clinical applications using 3D dosimetry. Chapter 3 describes the materials

and methods used in this work that are common to the subsequent results chapters.

Chapter 4 presents the results of a study to assess the reproducibility and accuracy of

the static gel dosimetry system. In this work the ability for inter-batch and generic

dose calibration of the system is explored and what effects these calibration methods

have on the overall accuracy of dose measurement. These results provide context for

the gel measurements in subsequent chapters and gives some insight into what type of

clinical role this system may have. Chapter 5 details the development of the first 3D

deformable dosimetry system based on x-ray CT polymer gel dosimetry and estab-

lishes the setup reproducibility, deformation characteristics and dose response of the

system. This work establishes several important characteristics of the new system and

sets up its use for future clinical applications, including the validation of deformable

dose accumulation algorithms. Chapter 6 presents the results of the first attempt to

utilize the deformable dosimeter to measure deformed dose and a comparison of this

measured dose to that calculated using a deformable dose accumulation algorithm.

With these results, areas of disagreement between calculation and measurement are

investigated to determine what steps can be taken to improve them. Finally, Chapter

7 summarizes the conclusions of the work presented in this dissertation and considers

what future steps may be taken with this dosimetry system.
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Chapter 2

Background

This chapter gives a general overview of the major components of the dosimetry

system investigated in this work and describes how similar dosimetry systems are

implemented in clinical applications and research. Section 2.1 describes the history

and development of polymer gel dosimetry and other 3D dosimeters, including a

general overview of the different procedures and readout methods that can be used.

Section 2.2 is an overview of x-ray computed tomography (CT) imaging and how it

applies to radiation therapy and polymer gel dosimetry. Section 2.3 describes Monte

Carlo dose calculation methods and its clinical impact including the more recent

development of deformable dose calculation algorithms. Section 2.4 is a literature

review of the most recent clinical applications and research in polymer gel dosimetry

and 3D dosimeters.

2.1 Polymer Gel Dosimetry

In general, gel dosimetry can be described as the measurement of chemical changes

that occur within a material when it is exposed to ionizing radiation, where the

chemicals that undergo these changes are often infused in a gelatin or agarose matrix

to provide 3D information. The information stored within the dosimeter can be read

out and related to absorbed dose by use of a calibration curve which can be obtained

by exposing one or more gel phantoms to predefined amounts of radiation. Although

the radiosensitive chemicals that are used or method to read out this information can

vary from dosimeter to dosimeter the general principle remains the same.
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2.1.1 History

The first use of radiosensitive chemicals to form a gel dosimeter was in 1950 by Day et

al., who showed that dyes such as methylene blue would change colour when exposed

to ionizing radiation [75]. In 1957, Andrews et al. measured electron and photon

depth dose profiles using gels containing chloral hydrate that were read out using

spectrophotometry and pH measurements [76]. Gel dosimetry using polymers was in-

troduced in 1954 by Alexander et al. who showed that polymethylmethacrylate would

cross-link when exposed to ionizing radiation and had potential for radiation dosime-

try [77]. In 1958, Hoecker et al. investigated the use of polymer dosimetry in liquids

[78] and Boni developed a polyacrylamide based dosimeter for gamma dosimetry in

1961 [79]. So the underlying principles of polymer gel dosimetry had been established

around the middle of the 20th century but, without the ability to easily measure 3D

dose distributions with these tools, their potential was limited.

Modern gel dosimetry began in 1984 when Gore et al. showed that the previously

discovered Fricke dosimeter [80], where ferrous ions in a ferrous sulphate solution

were converted to ferric ions when irradiated, could be imaged using magnetic res-

onance imaging (MRI) to measure radiation exposure [81]. To maintain the spatial

information of the irradiated dosimeter, the ferrous sulfate solution was infused into

a gelatin matrix. Further study of the Fricke-gel dosimeter showed that the diffusion

of the converted ferric ions in the gelatin matrix was too high which compromised

the spatial integrity of the dosimeter [82] and attempts to remedy this issue were

unsuccessful. Although ultimately unsuccessful at the time, the concept of reading

out 3D information from these Fricke-gel dosimeters using MRI was an important

step for 3D dosimetry.

Polymer gels were first introduced in 1992 by Maryanski et al. with a recipe con-

sisting of acrylamide (AAm), N,N’-methylenebisacrylamide (BIS) and agarose [83].

The acrylamide served as a linear monomer, the BIS as a cross-linking monomer, and

the two formed a polymerized network within the agarose matrix when exposed to

radiation. Like Fricke gels, the dose information was read out using MRI. The poly-

mer gel dosimeter demonstrated superior spatial integrity as the highly crosslinked

polymer aggregates were entangled within the gel matrix. The presence of oxygen in

these gels was found to terminate polymer chains and limit the amount of polymer-

ization that could occur and this meant the gels needed to be fabricated and stored

in an oxygen-free environment [84, 85]. In future work, gelatin replaced agarose as
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the matrix for the monomers and this was the beginning of polyacrylamide gel (PAG)

dosimetry [86]. Following the establishment of PAG gel dosimeters in combination

with quantitative MRI read out, a number of studies were undertaken to investigate

the accuracy of this type of dosimetry system and the different clinical applications

it could be used for [34].

Although MRI was the method of choice for a long time to read out gel dosimeters,

other imaging modalities emerged, in part due to the limited availability and cost of

MRI. In 1996, Gore et al. and Maryanski et al. investigated the use of optical CT

imaging as a readout method which measures the change in opacity that comes with

gel polymerization [87, 88]. In 2000, Hilts et al. introduced the use of x-ray CT

imaging as read out method to measure changes in electron density caused by gel

polymerization [89]. Although other read out methods such as Raman spectroscopy

[90] and ultrasound imaging [91] have been used to image gel dosimeters, MRI, optical

CT, and x-ray CT are the three main modalities used in modern gel dosimetry and

each will be investigated in more detail later in this chapter.

An important step in the development of gel dosimeters came with the develop-

ment of a new type of gel by Fong et al. in 2001 that could be fabricated in a normal

oxygen, or ’normoxic’, environment [92]. This gel formulation used ascorbic acid to

bind free oxygen and prevent the terminatination of polymerization reactions. An-

other compound, tetrakis (hydroxylmethyl) phosphonium chloride (THPC), has also

been shown to work as an effective oxygen scavenger in PAG dosimetry [93, 94]. Gels

that use oxygen scavengers and are fabricated in normoxic environments are known

as normoxic gel dosimeters. The use of normoxic gels removes a layer of complexity

from the already labour intensive gel manufacture process and allows for gels to be

made on a bench-top in the laboratory. This is an attractive feature in regards to the

implementation of a gel dosimetry system within a cancer clinic.

More recently, research in 3D gel dosimetry has focused on the radiation chemistry

and investigations of new gel formulations and types of 3D dosimeters [34, 95]. There

have been efforts to reduce the toxicity of PAG gel dosimeters by substituting the car-

cinogenic monomer acrylamide by N-isopropylacrylamide (NIPAM). This monomer,

NIPAM, will be further employed in this work. [96, 97]. There has also been an

evolution from polymer gels to new types of 3D dosimeters that use dyes immersed in

a gel or solid plastic matrix to acquire 3D dose distributions with optical CT readout.

The first dye based 3D dosimeters were Fricke gel dosimeters that included a metal

ion indicator called xylenol orange which caused a visible colour change in the gel
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when irradiated [98]. The addition of the xylenol orange allowed for these gels to be

read out using optical CT imaging and created the first radiochromic gel dosimeter.

This was followed by the development of a radiochromic plastic dosimeter containing

leuco-dyes that turns green when exposed to radiation and would eventually become

known as the PRESAGE R© dosimeter [73]. Although not technically a gel dosimeter,

PRESAGE R© is a 3D dosimeter that uses the same principles as gel dosimetry and is

read out using optical CT imaging. Other optically read out radiochromic dosimeters

such as micelle gels [69, 70] and a silicone based dosimeter [71, 72, 99, 100] have been

introduced with the emergence of the optical CT read out method.

2.1.2 Polymer Gel Chemistry

When a polymer gel dosimeter is irradiated the water within the gel undergoes radi-

olysis generating highly reactive radicals given by the following equation:

H2O −→ 2R• (2.1)

where the dissociation of water molecules is proportional to the absorbed dose and

creates reactive intermediates R• [34]. The radicals can then initiate the polymeriza-

tion of monomers in the following step:

R• +M −→M•, (2.2)

generating a monomer radical, M•, which can subsequently react with another monomer

creating a polymeric radical. These polymeric radicals can react further, adding more

monomers in chain propagation. A general equation for this can be seen in the fol-

lowing equation:

M•
m +Mn −→M•

m+n, (2.3)

where M•
m is a polymeric radical with m units, Mn is a polymer chain with n units

and M•
m+n is the newly generated polymeric radical with m+ n units. For the cases

of m = 1 or n = 1 these are monomer radicals and a single monomer, respectively.

These polymer chains continue to grow until they are terminated by interactions with

other radicals:

M•
m +M•

n −→Mm+n (2.4)
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M•
m +M•

n −→Mm +Mn (2.5)

M•
m +R• −→Mm (2.6)

Note that a dead polymer chain can be activated by a radical:

Mm +R• −→M•
m, (2.7)

or through chain transfer:

Mm +M•
n −→M•

m +Mn. (2.8)

With the inclusion of a cross-linking monomer, copolymerization occurs and the

kinetic models in the above equations become more complicated [101, 102]. Gels

with a linear, non-crosslinking monomer only form linear polymer chains, and when

a cross-linking polymer is added the structure of these chains becomes a crosslinked

network and leads to an increase in the rate of consumption of unreacted monomers

[103]. Crosslinked polymer chains are insoluble in water, and they precipitate to form

microgels that influence the MR, optical and x-ray properties of the gel [103, 104].

When oxygen is present, peroxide-radicals are generated:

R• +O2 −→ ROO• (2.9)

M•
m +O2 −→MnOO

•, (2.10)

which quickly react with other radicals leading to the termination of polymer chains

[34]. This quick termination limits the amount of polymerization that occurs which

can have a significant impact on the dose sensitivity of the gel. This oxygen effect is

why polymer gels need to be manufactured in an oxygen-free environment or contain

some form of oxygen scavenger.

2.1.3 Gel Dosimetry Procedure

Despite the variations in gel formulation and read-out methods over the history of

gel dosimetry, the general workflow of this type of dosimetry has remained relatively

unchanged. A general outline of the steps of this workflow are shown in figure 2.1.
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Figure 2.1: A general workflow for gel dosimeters. First a gel is fabricated and
poured into a container and a plan for radiation delivery is calculated. The gel is
then setup and irradiated with the desired plan and after some time, allowing for
chemical changes to occur, it is read out using the appropriate imaging modality.
These images are then processed and the readout information is calibrated to absorbed
dose, generating a gel measured 3D dose distribution.
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The first step of the procedure is to manufacture the gel, by mixing the ingredients

of the gel recipe to form the dosimeter. For polymer gels the recipe generally consists

of a linear monomer, a cross-linking monomer, and for normoxic gels, an oxygen

scavenger. Once the gel is fabricated it is poured into a container and then stored

for a period of time to allow the chemicals and structure to set prior to irradiation.

The type of storage container and conditions for storage will vary and depend on the

dosimetry application and the type of gel being used.

At this time, or possibly prior to fabrication, the irradiation pattern that is to

be delivered to the gel must be planned and the dose for this plan calculated. This

planning and dose calculation is done using CT images of the gel dosimeter that is to

be irradiated, or images of a dosimeter with identical shape and composition. This

plan, determined by the treatment planning system (TPS), not only gives the linear

accelerator directions for radiation delivery, but is also the basis for producing a dose

calculation which is often to what the gel measured dose will be compared.

The gel is then irradiated with the determined plan and then allowed to sit while

reactions within the dosimeter caused by the radiation occur, producing changes to

the dosimeter’s structure. For polymer gels this is the process of building polymer

chains from the monomers within the gel and these reactions generally stabilize after

a period of 15 to 24 hours [34]. Once these changes have stabilized the dosimeter can

then be read out by the appropriate imaging modality, this is primarily MRI, optical

CT, or x-ray CT.

The set of readout images is then processed and some form of calibration is ap-

plied to convert the imaging information to absorbed dose within the dosimeter. A

calibration is often achieved by delivering a simple plan to a gel for which the dose

can be reliably and accurately calculated and by comparing the calculated dose to the

read out information of the gel irradiated with this simple plan. With this calibration

established the dosimeter can then be used in subsequent measurements to evaluate

more complicated dose deliveries.

After read out, image processing and calibration a 3D dosimetric map of absorbed

dose to the gel is obtained. This 3D dose map can then be compared to dose calculated

by either the TPS or Monte Carlo or to dose measured by another dosimetry tool.
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2.1.4 Imaging Methods

The three main imaging modalities for gel dosimetry read out are MRI, optical CT

and x-ray CT. This section will give a brief overview of MRI and optical CT while

x-ray CT, the imaging modality used in this work, is described in more detail in

section 2.2.

MRI

Magnetic resonance imaging takes advantage of the phenomenon of nuclear magnetic

resonance (NMR) within the nucleus of the atom. The protons and neutrons in

the atomic nucleus possess a magnetic dipole moment and this magnetic moment

describes the magnetic field properties of the nucleus and depends on the number of

protons and neutrons. The simplest example of this is hydrogen which, in its most

common isotope, consists of a single proton with an orbiting electron. Hydrogen is

abundant within the human body and produces a large magnetic moment, so therefore

the proton is the principal element used in MRI. Normally, the magnetic moments of

hydrogen atoms in tissue are oriented in a random manner and no net magnetic signal

can be detected. When a strong external magnetic field, B0, is applied these magnetic

moments become aligned parallel, or anti-parallel to B0. The parallel orientation is

the lower energy state and a majority of proton magnetic moments are in this state,

the ratio of which depends on the temperature of the material and the strength B0.

The stronger the external magnetic field the more protons are aligned in the parallel

state. Although the magnetic moment of a single proton is not detectable but the

combination of many proton moments when added, can be observed [105].

The external magnetic field also applies a torque to the protons which produces

a precession in the direction of the magnetic moment, causing it to rotate about the

axis of the external magnetic field. The precession frequency, ω0 is proportional to

the external magnetic field, B0:

ω0 = γB0, (2.11)

where γ is the gyromagnetic ratio and is a physical property of each element. In

a given element the protons will precess with the same frequency but out of phase,

as the phase of the precession is distributed randomly. This random distribution of

precessions is the equilibrium state of the material and the net magnetization from the

combined proton magnetic moments will be in the same direction as B0 because the
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random distribution of transverse magnetization will add to zero. A radiofrequency

(RF) pulse with a frequency that matches that of ω0 can be applied to transfer energy

to protons causing their precessions to synchronize and produces a net magnetic field

perpendicular to B0, known as a transverse magnetization. The return from this

perturbed state to equilibrium is what produces the NMR signal. The localization

of these NMR signals is possible because ω0 is directly proportional to the applied

magnetic field. By applying a magnetic field gradient in 3D, each location within the

imaged volume will have a different ω0 and the frequency of the RF pulse required to

generate a signal will determine the location of the signal. The localization of these

NMR signals in a 3D volume is the basis for the production of MR images [105].

In PGD, the amount of polymerization within a gel dosimeter is measured using

the T2 relaxation time, which is a measure of the time it takes for magnetic moments

to lose phase coherence with one another. Specifically, T2 is the elapsed time between

the peak transverse magnetization signal and 37% (or 1/e) of the peak signal. The

relaxation time is often quoted as a relaxation rate, R2 which is equal to the inverse

of the relaxation time (R2 = 1
T2

) [34, 106]. This relaxation occurs due to magnetic

inhomogeneities within the material causing the precession of individual magnetic

moments to speed up and slow down and therefore lose coherence; this occurs more

quickly when molecular motion is limited and the magnetic field variations manifest

more easily. When polymerization of an irradiated gel occurs and monomers grow

into cross-linked polymer chains, molecules within the gel become less mobile which

causes the relaxation time, T2, to decrease and R2 to increase. This increase in R2

can be then be related to amount of polymerization that has occurred and therefore

to the dose absorbed within the gel.

MRI was the original read out method for gel dosimeters and initially the most

widely used and there is therefore a large amount of research into the use of MRI

read out gels [34]. However there are some significant challenges in MRI gel read out

that can make its use unappealing. It has been shown that gel temperature during

MRI read out can have a drastic effect on dose response with a temperature variation

of 1◦ C leading to errors of up to 15% [107]. For that reason it is critical that the

temperature of the gel dosimeters is stable and uniform throughout the dosimeter

during during the sometimes lengthy MR imaging sequence [108]. It therefore has

been suggested then that these gels should be stored in the MRI scanning room for

a day or more prior to read out and in some cases actively heated or cooled during

the scanning process [34, 107]. It also requires careful control of temperature between
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calibration and test gel batches to avoid dosimetric errors and in most cases it is

recommended to scan calibration gels with test gels at the same time [34]. It should

be noted that there are also compensation strategies on the MRI pulse sequence which

can help in making the gel dosimeters less susceptible to any temperature drift [109].

Practically speaking, MRI is primarily used a diagnostic tool and not for quantitative

measurements, so modifications in setup and imaging methodology are required for

gel dosimetry and additional QA of the quantitative measurements may be necessary.

These considerations along with the limited availability of MR imaging make the

implementation of gel dosimetry within a working radiation therapy department a

challenge and has led to the investigation of other read out modalities.

Optical CT

Optical CT imaging is an emerging read out imaging modality for PGD and 3D

dosimeters in general. In optical laser CT scanning the amount of light transmitted

through an object is measured by scanning a laser across the volume of the object.

The optical attenuation, µ, of a material can then be determined using the equation:

It = I0e
−µx, (2.12)

where I0 and It are the initial and transmitted intensity of light, respectively and x

is the path length through the material. For an inhomogeneous material, a ray of

light can pass through several regions of differing optical attenuation before exiting

the object. If the path the light takes is broken into equal size path lengths, ∆x, the

equation becomes:

It = I0e
−(µ1∆x+µ2∆x+µ3∆x+...+µn∆x), (2.13)

and the total attenuation for the ray, µ, is equal to:

µ = µ1 + µ2 + µ3 + . . .+ µn, (2.14)

where µi is the optical attenuation of layer i with thickness ∆x.

The goal of optical CT is to take measurements of It and I0 and derive a map

of attenuation coefficients, µ, throughout the object being scanned [34, 110]. This is

done by taking multiple transmission measurements through one slice of an object

to develop a 1D projection of optical attenuation values and then by taking multiple

projections through this slice from different angles around the object, a 2D map of
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attenuation values can be obtained through a process called backprojection. Mea-

surements at multiple slices of the object will generate layers of 2D attenuation maps

from which a 3D distribution of optical attenuation values can be built. This process

is discussed in greater detail in section 2.2.2 on the subject of x-ray CT imaging which

has an analogous image reconstruction process.

When a polymer gel is irradiated the polymerization causes an increase in opti-

cal attenuation as the gel becomes more opaque in irradiated regions. This optical

attenuation can be related to the amount of polymerization (or colour change for

radiochromic dosimeters) that has occurred within the dosimeter and therefore re-

lated to the absorbed dose. So, by taking an optical CT scan of an irradiated gel

and using an appropriate calibration, one can generate a 3D map of the absorbed

dose within the gel. The majority of attenuation that occurs within a polymer gel

is due to the scattering of light caused by polymerized gel [34, 110]. This can cause

artifacts in image reconstruction when scattered photons can return to the beam’s

path via multiple scattering interactions. Refraction of light is also an issue in optical

CT measurements as refractive index changes at the edge of the dosimeter container

need to be corrected for and radiation induced refractive index changes within the

dosimeter itself can also lead to refraction of light and imaging artifacts [34, 111].

These issue have led to an increase in the use of dye-based dosimeters with optical

CT read out where the primary cause of light attenuation is via absorption rather

than scatter [69, 70, 73, 98].

One practical issue of the optical CT read out method is that it is a relatively new

imaging technique and one that is only used for the read out of 3D dosimeters. There-

fore, optical CT read out gel dosimeters require either the purchase or construction

of a dedicated scanner and the development of an in-house code to reconstruct and

process the images. This differs from x-ray CT read out gels where the majority of

the equipment is already in place at a working cancer clinic. In addition to this, since

an optical CT scanner is outside the clinical treatment chain a layer of uncertainty

is added to the read out measurements in terms of setup and handling, whereas for

MRI and x-ray CT imaging, these systems are already integrated into the clinical

workflow.
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2.2 X-ray Computed Tomography

X-ray computed tomography (CT) is an extensively used medical imaging technique

which has many clinical applications including use in the diagnosis of cancer. It was

the first imaging modality that allowed for deep, non-invasive views into human body,

providing a slice-by-slice set of 2D images of a patient [105]. X-ray CT scanners use

the attenuation of x-rays to generate images and like the visible light used in optical

CT, the transmission of x-rays through a patient or phantom is measured by an array

of detectors at different angles around the object of interest. Each set of x-rays that

are detected from a given angle is called a projection and the data from thousands

of projections around the object is used to reconstruct a 2D image of the linear

attenuation coefficient for each point within the plane parallel to x-ray beams used in

the scan. This section will give an overview of the development of x-ray CT imaging,

describe the process of how CT images are formed, provide some context as to how

this imaging modality is applied in radiation therapy and how it is used in polymer

gel dosimetry.

2.2.1 History

The theoretical idea of tomography was first developed by mathematician Johann

Radon in 1917 who proposed that an image could be formed if one had an infinite

number of projections of an object. It wasn’t until 1956 that Allan Cormack began

to apply the principles of tomographic reconstruction to projections produced by x-

rays, which led to the construction of a CT prototype in 1963. Independently of

Cormack’s work, Godfrey Hounsfield in 1967 began research in tomography, using

gamma radiation, and developed the first clinical CT scanner, which imaged its first

patient in 1971. In 1979 Hounsfield and Cormack were jointly awarded the Nobel

Prize in Medicine ”for the development of computer assisted tomography”. From

the first clinical scan in 1971 the CT scanner began to develop rapidly as new and

improved scanner designs and scanning geometries were developed reducing image

acquisition time and improving image quality as a result [105, 112].

Hounsfield’s original scanner employed a rotate/translate pencil beam system,

where the x-ray tube and a single detector translate across the field of view producing

a series of parallel rays and then rotate and translate back across the patient to

generate a second projection. This process is repeated over 180 projections at 1◦

intervals. This geometry can be seen in figure 2.2a and is now known as a first-
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generation CT scanner. With 160 rays per projection, 28,800 rays were measured per

slice by the single detector [105]. The NaI detector used had an ”afterglow” effect,

meaning that two measurements could not be taken over too short a time interval

without carryover from the previous measurement [105]. The first image taken on this

scanner had an acquisition time of 4.5 minutes and it took 20 seconds to reconstruct

the 80 x 80 pixel image with a pixel size of 3 × 3 mm [112].

The next advance in CT scanners was to a rotate/translate fan beam geometry

which is called the second generation and can be seen in figure 2.2b. This system

used the same geometry as the first generation but the pencil beam was replaced by

a narrow fan beam with an angle of 10 degrees that could cover a larger portion of

the FOV at one time and the single detector was replaced by an array of 30 detectors

to take transmission measurements from the entire fan beam [112]. This allowed for

more rays and projections to be taken in a shorter period of time, allowing for faster

scanning time and improved image quality. With 600 rays measured per projection

and 540 projections used to acquire each slice, the number of rays measured per slice

with the second generation scanner increased to 324,000 and the scanning time could

be reduced to as low as 18 seconds per slice [105]. The decrease in scan time not

only reduced motion artifacts in images but allowed for the potential of breath-hold

imaging protocols as it would be possible for some patients to hold their breath over

the duration of a scan. One downside to the introduction of fan beam imaging is an

increase in scattered radiation contaminating direct ray measurements with the large

detector area and beam size compared to first generation scanners.

By 1976 the most significant contribution to scan time, translational motion, was

eliminated in third generation CT scanners which introduced a rotate/rotate geometry

as can be seen in figure 2.2c. In this design both the x-ray tube and array of detectors

rotate continuously around the patient and the fan beam angle was widened so that

it could cover the entire field of view at one time. The new design required a much

larger array of detectors and the number of detector elements increased more than

ten-fold, up to 1000 in some cases [112]. The increasing number of detectors led to

costlier CT scanners but allowed for an increase in image quality and decrease in scan

time as more data could be acquired in less time. Initially these systems could scan

patients in less than 5 seconds and modern third generation scanners can do so in

less than one second [105]. With a larger detector array this geometry is even more

susceptible to scattered photons entering the primary beam than previous generations

and due to the nature of the fixed source-detector setup is also susceptible to ring
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(a)
(b)

(c)

(d)

Figure 2.2: Examples of (a) a first generation CT scanner translate/rotate geom-
etry with a single detector and pencil beam, (b) a second generation CT scanner
translate/rotate geometry with a detector array and narrow fan beam, (c) a third
generation CT scanner rotate/rotate geometry with a large detector array and wide
fan beam, and (d) a fourth generation CT scanner rotate/stationary geometry with a
stationary ring of detectors that surround the entire patient and a rotating fan beam
source.
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artifacts. Ring artifacts are generated when there is a difference in gain for a detector

element in the array so all rays measured by this detector are miscalibrated, creating

a ring in the image during backprojection.

In an effort to eliminate ring artifacts in CT images, the fourth generation of CT

scanners were designed with a rotate/stationary design where the rotating array of

detectors was replaced by a stationary ring of detectors that completely surround

the field of view as can be seen in figure 2.2d. With this geometry each stationary

detector element measures the incoming x-rays from different angles so that the refer-

ence intensity, I0, and transmission intensities, It, for a given projection are measured

by the same detector element. This eliminates the issue of gain differences between

detectors elements, effectively eliminating ring artifacts. However, this new design

drastically increased the number of detectors, up to 5000 detector elements for some

scanners, and therefore drastically increased the cost of the scanner [112]. As detec-

tor technology and calibration methods improved, ring artifacts in third generation

scanners could largely be eliminated and fourth generation scanners became largely

unnecessary [105].

The rotate/rotate geometry of third generation CT scanners are primarily used in

diagnostic and radiation therapy simulation scanners today although there have been

other advances in CT scanner technology. For example, many modern CT scanners

have the capability to perform helical image acquisitions where the couch and patient

move through the bore of the scanner while data is being acquired. A helical scan can

acquire multiple image slices in a fraction of the time it would take to image single

slices with couch shifts between each slice acquisition. This reduces overall imaging

time and can therefore reduce the amount of contrast agent needed in some patients

or allow for an entire exam to be performed with the patient’s breath held reducing

variation in patient anatomy between image slices [105].

Another common feature in today’s CT scanners is the ability to measure multiple

slices at one time with the use of multiple detector arrays. Traditionally single slice

CT scanners control the thickness of image slices solely through collimation of the

primary x-ray beam. For example, to achieve a 2.5 mm slice thickness the beam

is collimated such that it is 2.5 mm wide at the detector surface which is just a

single array of detectors. A multiple detector array has more control and flexibility in

regards to determining the slice thickness of CT images. Consider a multiple detector

array with 16 detector arrays, each 1.25 mm thick; the collimation of the beam can

be set to 20 mm wide and the detectors in the array can be combined in many ways
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to set the slice thickness. Each detector array can measure its own slice producing 16

slices each 1.25 mm thick per gantry rotation, or the detector arrays can be combined

to image 8 x 2.5 mm slices, 4 x 5 mm slices, 2 x 10 mm slices or 1 x 20 mm slice. A

simplified visualization of this type of detector can be seen in figure 2.3. The beam

can still be collimated to smaller sizes providing even more options for slice thickness

and number of slices imaged per gantry rotation. Multiple detector arrays not only

allow for faster scanning times by scanning multiple slices at one time, but also use the

x-ray beam more effectively as opposed to collimating a significant portion of beam

and imaging slices one at a time. Effective use of the x-ray beam is an attractive

feature as x-ray tube overheating and cooling is an important factor for modern CT

scanners [105].

Figure 2.3: A visualization for how a multislice detector determines slice thickness.
The entire width of the detector is 20 mm and is made up of 16 individual detector
elements, each 1.25 mm in width. The red alignment is each detector element measur-
ing its own 1.25 mm slice, the blue alignment combines detector elements in groups
of 2 to measure 2.5 mm slices, the green alignment combines detector elements in
group of 4 to measure 5 mm slices, the orange alignment combines detector elements
in groups of 8 to measure 10 mm slices, and the purple alignment combines all 16
detector elements to measure one slice 20 mm in width.

2.2.2 Imaging Technique

In a modern third generation CT scanner, once a patient has been set up for image

acquisition and a scanning protocol has been initiated, the gantry that houses the

x-ray source and detector array begins to rotate around the patient. This rotation
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allows the scanner to acquire thousands of projections around the patient within

approximately one second of the start of x-ray generation. When gantry has reached

the appropriate rotational speed an x-ray tube begins to generate the x-rays that will

be used to image the object inside the scanner. After all the projections have been

acquired the x-ray beam will turn off and the couch will translate in the axial, or z-,

direction so that the next section, or slice, of the patient can be imaged. This process

is repeated until the desired volume of the patient has been scanned. The acquired

data is then reconstructed using a filtered backprojection into a set of contiguous 2D

images, one for each slice of the patient that was imaged.

X-ray Generation

X-rays are generated by accelerating electrons towards a metal target and convert-

ing the kinetic energy of the electrons into high energy photons in a process called

Bremsstrahlung radiation. This is the same process used to generate photons in a

linear accelerator, however x-rays generated for imaging are much lower energy than

those used for radiation therapy. The x-ray beam for a CT scanner is generated

by an x-ray tube, which consists of an anode and cathode housed in an evacuated

metal envelope. The cathode is made up of a tungsten filament which is heated to

generate electrons via thermionic emission. A large voltage is applied across the an-

ode and cathode causing the electrons to accelerate towards an angled anode which

has a metal target, generally made of tungsten or other high atomic number mate-

rial [5, 105]. When the accelerated electrons hit the target a beam of Bremsstrahlung

photons is generated and directed perpendicular to the travel of the electrons towards

an output port in the x-ray tube. The output port contains a filter that will harden

the x-ray beam by removing low energy photons to reduce dose to the patient. The

energy spectrum of the photon beam depends on the kinetic energy of the electrons

and is designated by the voltage used to accelerate the electrons. On a typical CT

scanner this value will vary between 80 and 140 kV and a 140 kV tube voltage, for

example, will generate a photon beam maximum energy of 140 keV and, depending

on filtration, a mean energy between one-third and one-half of the maximum energy

[5, 105]. The electrons that hit the target generate a significant amount of heat that if

left unchecked, could melt parts of the target which is why tungsten, a material with a

high melting point, is often used. The anode is also rotated when in use to spread the

heat over a larger area of the target and the x-ray tube housing is surrounded by oil
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to aid in the overall cooling of the system. As the housing and target are heated, the

oil within the x-ray tube housing expands and when this expansion passes a certain

threshold an interlock is activated that prevents further x-ray production until the

system has cooled sufficiently.

Image Reconstruction

As discussed in section 2.1.4 with optical CT, image reconstruction in CT is based

on measurements of transmission of electro-magnetic radiation through an object. In

optical CT imaging, the transmission of visible light was measured producing a map of

optical attenuation whereas in x-ray CT, x-ray transmission is measured producing

a map of the linear attenuation coefficient. The equations for these transmission

measurements are identical to equations 2.11, 2.12 and 2.13 with µ representing the

linear attenuation coefficient instead of optical attenuation. The linear attenuation

coefficient is defined as the fraction of photons removed from a photon beam per

unit thickness, and for photons in the energy range used in x-ray CT imaging these

photons will primarily be removed via the photoelectric effect and Compton scattering

[5, 105].

The raw transmission measurements are preprocessed in a number of ways in-

cluding performing a gain calibration of each detector element using data from air

scans, interpolation over dead or malfunctioning detector elements and scatter cor-

rections. The processed projections can then be used to reconstruct a 2D image slice

in a process called backprojection which is essentially an attempt to follow the data

acquisition process but in reverse. Each ray of a projection is associated with its

linear attenuation measurement µ from its transmission measurement as in equation

2.11. However since the composition of the potentially heterogeneous object is not

known it is impossible to know how this overall attenuation is distributed over the

path of the ray. Using the known position and angle of the detector for a given ray

in a projection the measured value of µn is backprojected along this ray with every

pixel along the path assigned the measured attenuation coefficient µn. Every ray

in every projection is backprojected in this way smearing the measured attenuation

coefficients over the entire 2D slice. A simplified visualization of this process can

be seen in figure 2.4. This simple backprojection method is surprisingly effective in

reproducing an accurate 2D map of the slice being imaged, however it produces a 1
r

blurring effect as a result of the smearing of µ along the entire ray [105]. For example,
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a single point of contrast in an otherwise empty image will produce signal around the

object that diminishes as a function of the distance from the object, r, making the

point appear blurred.

(a) (b) (c) (d) (e)

Figure 2.4: (a) a single point of contrast and reconstructions of this point using a
simple backprojection with (b) 1, (c) 2, (d) 4, and (e) 8 projections. The signal from
the point grows as more projections are added and the 1

r
blurring effect can be seen

developing from the smearing of the point along each projection.

To address the blurring effect produced in a simple backprojection a filtering step

is added prior to backprojection. A filtered backprojection is then one where the

original projection data p(x) is convolved with the kernel k(x):

p′(x) = p(x)⊗ k(x), (2.15)

where p′(x) is the filtered projection data that will be backprojected to produce the

slice image [105, 113]. To speed up calculation times the filtering process is often

performed in the frequency domain using Fourier transforms so that the original

projection data and kernel in the frequency domain, K(f), can be simply multiplied

rather than convolved:

p′(x) = FT−1[FT[p(x)]×K(f)], (2.16)

where K(f) is the the fourier transform of k(x). Some examples of filters in the

frequency domain include the ramp filter, which is the ideal reconstruction filter in

the abscence of noise, the Shepp-Logan filter, which has a roll-off at higher frequen-

cies to reduce the amplification of high-frequnecy noise, and the Hamming filter,

which has a more agrresive high-frequency roll off than the Shepp-Logan filter [113].

The filtered backprojection process is all performed online by the CT scanner man-

ufacturers’ software and reconstructed images of multiple slices are available within
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seconds of data acquisition. Clinical CT scanners often have more than one option

for convolution kernels to achieve different imaging goals. For example, a soft tissue

kernel will have more high-frequency roll-off and sacrifice some spatial resolution for

an improvement in signal-to-noise ratio (SNR) so that small differences in soft tissues

show more contrast. A bone kernel has less high frequency roll-off and will produce

sharper edges and better spatial resolution at the expense of increased noise [105].

The reconstruction algorithms and convolution kernels are proprietary information

of CT scanner manufactures and detailed information about these processes are not

generally released by the manufacturer.

After reconstruction is complete each imaged slice will be represented by a 2D

map of linear attenuation coefficients. As a final step these values are converted to

a quantity known as CT number for ease of digital display. The CT number of any

pixel, CT (x, y) is given by the following equation:

CT (x, y) = 1000
µ(x, y)− µwater

µwater
, (2.17)

where µ(x, y) is the reconstructed linear attenuation coefficient of the pixel and µwater

is the linear attenuation coefficient of water. CT numbers are measured in Hounsfield

Units (HU) and the equation is defined such that the CT numbers of water and

empty space are 0 and -1000 HU, respectively. The CT Numbers of clinical relevant

materials can range from approximately -300 HU for lung, up to 100 HU for liver and

muscle, and as high as 3000 HU for dense bone [105, 114].

2.2.3 Applications in Radiation Therapy

X-ray CT scanners play a critical role in radiation therapy. X-ray CT imaging is

often involved in the diagnosis and staging of tumours and after a patient is diagnosed

and radiation therapy is chosen as a course of treatment, the patient will undergo

simulation on a CT scanner. The idea of simulation is to simulate the patient setup

that will be used during the delivery of radiation. This is achieved through the use

of lasers that are synchronized between the CT scanner room and treatment delivery

room. With the patient setup in the same position and orientation as they will be for

radiation delivery, a set of CT images are acquired. On this image set, an oncologist

can delineate the tumor, which needs to be irradiated to a prescribed dose, and

healthy tissues, for which radiation dose must be limited. This set of images, along

with the contoured structures, are used to determine the plan that will be used to
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deliver radiation to the patient. CT images are key to dose calculation and planning

as the map of attenuation coefficients make it possible to calculate how radiation

beams will be absorbed and attenuated by the various structures within the body

and to therefore optimize the delivery of the radiation to achieve the desired clinical

goals. It is then imperative that CT images present an accurate representation of

the patient’s anatomy for radiation delivery. Virtually every patient who is treated

with radiation therapy undergoes a CT scan and this imaging process is directly

implemented within the treatment workflow.

2.2.4 Applications in Polymer Gel Dosimetry

When polymerization occurs within a gel dosimeter after irradiation, there is a density

change as described by Hilts et al [115]. This change in density is small, on the order of

1 mg
cm3 per Gy of absorbed dose, but with the appropriate imaging and image filtering

techniques it can be measured using x-ray CT [34]. The change in density will lead

to an increase in physical density and therefore an increase in the linear attenuation

coefficient and CT number. Images of an irradiated gel dosimeter can then be used

to establish a relationship between the change in CT number, ∆NCT , and the dose

that was absorbed by the dosimeter and therefore generate dose calibration for x-ray

CT PGD. Since the change in density is small, x-ray CT scanning protocols and post-

processing of gel images are designed to maximize the low level of contrast between

irradiated and unirradiated gel. Image averaging and background subtraction of an

unirradiated gel are employed to reduce stochastic image noise. After scanning, image

filtering and artifact removal techniques are used to further increase the signal to noise

ratio [116, 117]. Newer gel formulations have also been studied and shown to have

increased dose sensitivity by introducing isopropanol as a co-solvent to increase the

amount of BIS that could be added to the gel mixture [118]. Another more sensitive

gel formulation, using NIPAM as the linear monomer, was developed by Chain et al.

and is the focus of this work [74]. In this formulation, NIPAM is the linear monomer,

but also acts a co-solvent of BIS. By increasing the amount of NIPAM and BIS to

their limits of solubility in water the dose sensitivity of the gel is increased.

This particular gel formulation has been characterized in terms of post radiation

temporal and spatial stability, intra and inter batch reproducibility, new calibration

methods, and dose rate dependence [119]. Temperature dependencies have not been

investigated for this specific formulation, but experiments have carefully controlled
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for it and previous studies have shown radiation induced temperature increases in

NIPAM gels do not affect their dose response [120]. The polymerization reaction was

found to stabilize 15 hours after irradiation and the spatial stability began to degrade

slightly if imaging was performed more than 36 hours after irradiation. For this rea-

son, gel imaging is recommended between 15 and 36 hours post-irradiation. Batch

reproducibility was shown to be excellent, and a significant dose rate dependence

(up to 20% discrepancy between 100 MU/min and 600 MU/min) was discovered.

However, this dose rate dependence was not found to significantly influence gel re-

sponse for an intensity modulated radiation therapy (IMRT) delivery when the dose

rate between test and calibration irradiations was consistent [119]. Other work with

this gel formulation has looked at the removal of CT imaging artifacts and inherent

structured noise within the gel when imaging [117], commissioning of a multi-slice

CT scanner for gel imaging [121] and the optimization of dose calibration techniques

[122].

In polymer gel dosimetry the parameters used in the CT imaging are specifically

designed to account for the low contrast in these dosimeters. Factors that affect

noise in x-ray CT imaging include phantom diameter, x-ray tube current, x-ray tube

voltage, slice scan time, number of image averages, pixel dimension and slice thickness

[105]. A larger phantom will attenuate more photons reducing the number that reach

the detector and therefore also increase noise in the image. X-ray tube current controls

the number of photons produced used to produce the CT image, therefore increasing

the signal to noise ratio and low contrast resolution. The X-ray tube voltage controls

the photon energy; more energetic photons will be less attenuated and have a higher

chance of passing through the imaged object. There is a trade-off though, as increased

photon energy will affect photon interaction probabilities and reduce the contrast

between different materials. Longer scan time will use more photons to create each

image increasing the signal to noise ratio. Larger pixels within the 2D image will have

more photons passing through each pixel and will therefore decrease the amount of

noise in the image. Finally, increasing the slice thickness will increase the number of

photons that reach the detector as the active detector area increases; this increases

the signal-to-noise ratio. The effect that each of these parameters has on the noise in

polymer gel imaging can be found in Hilts et al [123].

CT scanning protocols for gel dosimetry must account for not only imaging noise,

but imaging time, spatial resolution and CT dose delivered to the gel as well. A

balance must be struck between decreasing noise, maintaining a reasonable spatial
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resolution and keeping scan times low to reduce load on the x-ray tube. Increased

load on the x-ray tube can cause overheating and delays in the CT scan. Radiation

exposure of the gel can affect gel dosimetry as the deposition of dose during the

readout scan will induce polymerization within the gel. The optimization of scanning

protocols has been previously studied and is selected to produce low image noise while

avoiding excessive tube load and CT dose that can result from using a high number of

image averages [123, 124]. In more modern multi-slice CT scanners, where multiple

slices can be imaged at one time, tube load is less of an issue in gel doismeter readout

[121].

The main advantage of using x-ray CT to read out dose information is that x-ray

CT scanners are widely available in practically every cancer clinic. Using an accessible

imaging modality that is directly integrated into the clinical treatment could make a

dosimeter’s clinical implementation and utility more appealing. Uncertainties associ-

ated with setup and positioning for x-ray CT gel dosimetry would be comparable to

those seen for a patient as the dosimetry system would use the exact same equipment

and conventions used for patient imaging and irradiation. If x-ray CT polymer gel

dosimetry were to become a standard for radiation dosimetry the implementation of

the imaging side would be simpler than for MRI or optical CT. However, since the

dose response of polymer gels produces such small changes to the CT data there are

some limitations when using x-ray CT as a read out method. X-ray CT cannot be

used to measure low doses or evaluate the accuracy of a single 2 Gy fraction. The

noise at these low dose levels is just too great to resolve doses in this range. X-ray

CT read out gels are then more suited to measuring the delivery of multiple fractions

or high dose fractionation schemes such as SBRT.

2.3 Monte Carlo Dose Calculation

Monte Carlo simulation is a method of dose calculation that models individual parti-

cles by simulating the transportation and interactions of these particles as they travel

though a patient or phantom. This is different from convolution superposition based

TPS, described in section 1.1.3, where dose is modelled on a larger scale using small

dose beamlets and individual particles are not tracked. In Monte Carlo, particle in-

teractions are sampled from probability distributions based on the fundamental laws

of physics to simulate particle interactions such as Compton scattering, pair produc-

tion, photoelectric absorption, and bremsstrahlung [125]. In theory, Monte Carlo
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dose calculations should be able to calculate the dose contributed by each induvidual

particle that interacts in the medium and the only limiting factor in the accuracy of

simulations is the uncertainty in simulating a finite number of particles using random

numbers to sample the probability distributions of the interactions. However, a num-

ber of trade-offs must be made in these calculations as simulating every interaction

by every particle with an acceptable level of uncertainty would take an unreasonable

amount of computing power and time. For example, due to the large number of

interactions an electron experiences as it slows down most Monte Carlo simulations

combine multiple interactions into larger steps with a process known as the condensed

history technique [125]. Many other methods have been developed to improve the ef-

ficiency of Monte Carlo simulations well maintaining an acceptable level of accuracy,

known as variance reduction techniques, including particle splitting/recycling, Rus-

sian roulette, and forced interactions [126]. In general, these techniques attempt to

increase the relative occurrence of certain events to reduce uncertainty and decrease

computation time.

Monte Carlo dose calculations generally have two major components: simulation

of the linear accelerator head and simulation of radiation transport in the patient or

phantom. The model of the linear accelerator head usually models from the point right

before the electron beam hits the target and through the various collimators and other

internal components of the linear accelerator. Some of this calculation is invariant for

a specific beam energy, such the simulation of particles before secondary collimation

by the linac jaws, and some is plan-dependent, such as the collimation performed by

the jaws and multi-leaf collimator. The output will be a characterization of the beam

before it enters the patient or phantom. The most commonly used Monte Carlo code

for linac head modelling is BEAMnrc [127]. Modelling of the dose deposition in the

patient or phantom is done based off density information from CT scans, just like TPS

dose calculations. The beam output from the linac head calculation is used as the

starting point for the patient dose calculation. Dose from each particle is deposited

in the patient as it travels and this is done over millions of particles to accumulate

the total calculate dose of the delivery. There are several Monte Carlo codes used for

dose calculation in a patient the most common being DOSXYZnrc [128] and VMC++

[129].



45

2.3.1 Deformable Dose Calculations

Deformable dose calculations are a form of dose calculation that attempt to deal

with the issue of changing patient anatomy during or between treatment fractions.

To accurately accumulate dose that was planned in a reference anatomy state to the

dose that may have been delivered on one or more deformed states one must somehow

transform the dose from these deformed anatomies back to the reference anatomy.

This is usually done by using a displacement vector field derived from a deformable

image registration (DIR) algorithm. The vector field determines locations in the

deformed anatomy which correspond to points in the fixed reference image so that

dose from the deformed image can be warped back to points on the reference image.

There are several different types of DIR algorithms that can be used achieve this

goal. These include commercially available algorithms such as VelocityAI (Varian

Medical Systems, Palo Alto, CA), which is an intensity based DIR and uses a B-

splines algorithm; MIM Software (Cleveland, OH), which has both intensity based

DIR and a hybrid intensity and structure based DIR; and RayStation (RaySearch

Laboratories, Stockholm, Sweden), which has a hybrid intensity and structure based

DIR and a biomechanically based DIR [130]. Another DIR algorithm, MORFEUS,

is biomechanically based and utilizes finite element modeling techniques [131]. For

details on additional studies that report on the many available DIR algorithms the

reader is referred to a recent review article on DIR [132] and the AAPM TG-132 report

on the Use of image registration and fusion algorithms and techniques in radiotherapy

[133]. VelocityAI was the DIR algorithm used in this work to deform gel images and

facilitate deformable dose calculations.

The simplest way to warp this dose is by translating the dose under the assump-

tion that the voxels do change size or shape and simply translate from one location

in deformed anatomy to another in the reference anatomy. [28, 134]. However, this

correspondence between reference and deformed voxels may not exist due to changes

in volume or density of structures in the image set. A number of groups have devel-

oped methods to interpolate dose from surrounding voxels in the deformed anatomy

when mapping back to the reference anatomy to account for these structure changes

[29, 135, 136]. This generally involves splitting the voxels into smaller sub-volumes

so that dose from surrounding voxels can be split and interpolated before mapping

back to the reference anatomy. It has been shown, however, that dose interpolation

methods will lead to errors, especially in regions of high dose gradient [137], and
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these methods also ignore changes in density which must occur if there are changes

to structure volumes.

Another method of warping dose developed by Heath et al., defDOSXYZ, is a

modification of the DOSXYZnrc Monte Carlo code and rather than assume that

voxels do not change in size or shape, or interpolate dose from surrounding voxels

to account for volume change, this method warps the voxels themselves based on

the displacement vector field [30]. This voxel warping method produces irregular

dodecahedral voxels in the deformed anatomy for which the density can be adjusted

based on the change in volume of the voxel. In this method energy deposition is

exactly warped from the deformed state to the reference state and no interpolation is

necessary as there is a one-to-one correspondence between the static reference voxels

and the warped irregular voxels.

2.4 Current 3D Dosimeter Research and Clinical

Applications

As polymer gel and 3D dosimeter research has advanced dosimeters and read out

techniques have become more refined, fabrication has become less cumbersome and

the use of these dosimeters in clinical applications has become more prevalent. It has

been suggested that 3D gel dosimeters could serve an important role as and end-to-end

dosimetry device which would serve as a quality assurance test of the entire radiation

therapy treatment chain as opposed to the testing of the individual components [35].

At present this type of test is generally only performed by an outside agency and

gel dosimeters could provide an in-house option for this type of quality assurance.

Another area of clinical application for gel dosimeters is in the initial validation

of new treatment techniques, an area where high resolution, tissue equivalent, 3D

dose measurements can provide useful insight before clinical implementation [35].

For example, gel dosimeters have been used in the evaluation of complex modern

radiation therapy treatments such as 3D conformal RT, IMRT, and VMAT and more

recently for high dose, low fractionation treatments such as stereotactic radiosurgery

(SRS), and GammaKnife [34]. Gels and other 3D chemical dosimeters have also been

used in clinical areas such as brachytherapy [138, 139], in-vivo dosimetry [140], proton

dosimetry [141–143] and diagnostic imaging dosimetry [144, 145]. Other more recent

work has seen chemical and plastic 3D dosimeters have performed more advanced
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and novel dosimetry measurements such as dosimetry in the presence of magnetic

fields for MR-linacs [146–148], remote dosimetry [149], verification of stereotactic

spinal radiation therapy [150], and dosimetry of synchrotron radiation therapy and

microbeam radiation therapy [151–153].

The use of x-ray CT polymer gel dosimetry in clinical applications has been limited

to this point with an early example of the measurement of an SRS delivery [154], some

preliminary measurements of IMRT dose deliveries [119] and the characterization of

small field photon beams [155].

2.4.1 Deformable Dosimeters

Another area where polymer gel and 3D dosimeters have found use in clinical ap-

plication is in deformable dosimetry. To be confident in the ability of deformable

dose accumulation algorithms to accurately predict how dose will be deposited in

deforming tissue there is a need for independent dosimetric measurements that are

3D, tissue equivalent, integrating, and deformable. To this end several deformable

dosimeter systems have been developed, using MRI [156] and optical-CT [72, 157, 158]

readout, with initial studies focusing on the characterization of the dosimetric and

mechanical properties of these dosimeters [71, 99, 100, 159]. More clinically applica-

ble research has also been undertaken with the initial evaluations of DIR algorithms

and deformable dose accumulation algorithms measured against deformable dosime-

ters [156, 158, 160, 161]. At this point there are no deformable dosimetry systems

that use x-ray CT as an imaging modality, which would have the advantage of a

more accessible readout method, available in all modern clinical radiation therapy

departments.
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Chapter 3

Materials and Methods

This chapter describes general materials and methods relating to the subsequent re-

sults chapters. Section 3.1 describes the manufacture procedure and containers of

the gel dosimeters used in this work. Section 3.2 describes the phantoms and setup

apparatus used to irradiate and image the gel dosimeters. Section 3.3 describes the

equipment and procedures used to irradiate the gels. Section 3.4 describes the plan-

ning and calculation of dose distributions used for comparison and calibration of gel

dosimeters. Section 3.5 describes the equipment and procedures used to image gel

dosimeters on the CT scanner. Section 3.6 describes the image processing and cali-

bration techniques used to produce gel measured dose. Finally, section 3.7 describes

the techniques and criteria used to evaluate the dose measured by gel dosimeters.

Details specific to individual studies are described in their respective results chapter.

3.1 Gel Fabrication

3.1.1 Non-deformable Gels

Non-deformable gel dosimeters consisted of, by weight, 75.5% deionized water, 5%

gelatin (Sigma-Aldrich, Oakville, ON, Canada), 15% N-isopropylacrylamide (NIPAM,

TCI America, Portland, OR, USA), 4.5% N,N-methylenebisacrylamide (BIS, Sigma-

Aldrich) and 5 mM tetrakis hydroxymethyl phosphonium chloride (THPC, Sigma-

Aldrich). These gels were fabricated using a procedure initially described by Chain

et al [74]. First, the gelatin and water were mixed, while the temperature increased

to 40.0 ± 0.5◦C. After approximately 20 minutes, the gelatin dissolved and the tem-

perature of the gelatin-water mixture was reduced to 34.0 ± 0.5◦C. NIPAM was then
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added and allowed to dissolve completely over 10-15 minutes which was followed by

the addition of BIS which was mixed for 25 minutes until it dissolved. The mixture

was then cooled to a temperature of 30.0 ± 0.5◦C and THPC was added and stirred

into the mixture for 1 min and 15 s. The gel mixture was poured into a 1 L, 10 cm

diameter plastic jar (Modus Medical Devices, London, ON, Canada) that can be seen

in figure 3.1 and a layer of polytetrafluoroethylene(PTFE) tape was wrapped around

the lip of the jar before closing it in an attempt to provide a better seal and to limit

oxygen contamination of the gel. The jar was then flipped four times at 30-second

intervals in an attempt to create an even distribution of chemicals and mitigate any

effects of gravity induced settling of active chemicals at the bottom of the container.

A large water bath was used in the setting process to reduce temperature gradients

and slow the cooling of the gel as recommended by Johnston et al [121]. The tem-

perature of the water bath was set at 30.0 ± 0.1◦C to match the temperature of the

prepared gel and both the gel and water bath were placed in a refrigerator for 6 to 8 h

to allow the gel to set before irradiation. Total fabrication time was approximately 1

h and 50 min for each gel. Blank gels used for background subtraction of CT images

were fabricated using the same procedure but containing 94% deionized water, 5%

gelatin, 0.5% NIPAM, and 0.5% BIS. Small amounts of these chemical were added to

the blank gels to prevent the growth of mold.

3.1.2 Deformable Gels

For deformable, an identical recipe as for the non-deformable gels was used, but with

10 mM THPC to enhance oxygen scavenging because of the reduced oxygen barrier

of the deformable container. Wax beads (ArtMinds, TX, USA), approximately 3 mm

in diameter, were added to each gel during fabrication to allow for the tracking of

deformation and positioning of the dosimeters. Wax beads were chosen as internal

markers because their CT number is approximately -100 HU which makes them easy

to detect and track on CT images of the water equivalent gel. An image of the beads

embedded in a non-deformable gel can be seen in figure 3.2a and in figure 3.2b they

are visible in the CT image of a deformable gel. The overall fabrication procedure

was identical to the non-deformable gels’ except that the mixture was allowed to cool

down to 22.0 ± 0.5◦C before the addition of THPC to make distribution of the wax

beads throughout the gel possible. When gels were poured at a temperature of 30◦C

the beads would float to the top of the container very quickly, at 22◦C the gel was still
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Figure 3.1: An image of a 1 L non-deformable gel dosimeter that’s been irradiated
next to a 650 mL deformable gel dosimeter in a latex balloon vacuum sealed in low-
density polyethylene.

fluid but starting to become more viscous, reducing the amount of bead drift after

pouring. The gel was poured into a 24-inch (inflated size) latex balloon (Qualatex,

KS, USA) which was then tied at the top. The balloon was then vacuum sealed

in low-density polyethylene (Uline, WI, USA) as can be seen in figure 3.1 to create

an additional oxygen barrier. For some gels a change in balloon type necessitated

the addition of a layer of polyvinyl alcohol coating (HI-FLOAT, KY, USA) applied

to the outside of the balloon before vacuum sealing, to provide an increased oxygen

barrier [162, 163]. After filling and sealing the deformable gel, it was flipped and

rotated at increasingly shorter intervals over a period of 25 minutes to allow the

beads to distribute throughout the dosimeter. The gel was then stored upright, with

the balloon stem at the top, in a refrigerator for 6 to 8 h to allow the gel to fully

cool and set before irradiation. Unlike the non-deformable gels, the deformable gels

were cooled without a warm water bath to accelerate the cooling process so the lower

density beads would not float to the top of the gel as it set. Total fabrication time was

approximately 3 h for each gel, the additional time compared to the non-deformable

gel procedure largely arose from the extra time needed to reduce the temparture of
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the gels to 22◦C prior to the addition of wax beads and a longer agitation period after

sealing.

(a) (b)

Figure 3.2: (a) Wax beads embedded within a non-deformable gel in a 1 L jar and
(b) wax beads visible in the CT image of a deformable gel.

3.2 Gel Positioning and Phantoms

3.2.1 Non-deformable Gels

Figure 3.3: Anthropomorphic head and neck phantom used for gel irradiation and
imaging with weights holding the phantom in place.

Non-deformable gels were positioned for both irradiation and CT imaging using

an anthropomorphic head and neck phantom shown in figure 3.3. The custom-built
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phantom, used in previous x-ray CT gel research [119, 122, 164], consists of an acrylic

base and support arm designed to hold the 1 L gel jars with a press-fit and a 1 mm

thick Perspex head that is attached to the base using plastic screws. Where the head

connects to the base there is a rubber seal making it water tight when sealed so that

the head can be filled with water when the gel is in place inside the head. The base

connects to the CT or treatment unit couch using a locking bar to ensure reproducible

and stable setup. Once the phantom is positioned and locked on the couch a set of

weights can be placed on the base to further immobilize the gel and phantom. The

head is marked with crosshairs on its sides and top so when it is connected to the

base, the phantom can be setup on either the treatment unit or CT scanner via

room lasers. The phantom, designed to undergo the entire radiation therapy process,

has been shown to achieve sub-millimetre setup reproducibility and end-to-end tests

have demonstrated localization of dose to within 1 mm using this phantom. It is also

designed to allow removal of the head for CT scanning (described in section 3.5) while

allowing only minimal impact (<0.5mm) on gel positioning [164].

3.2.2 Deformable Gels

Deformable gels were positioned using the base and support arm of the head and neck

phantom, but without the attachable head. The gel filled balloons were setup inside a

1 L jar with the end removed and 1 cm diameter holes drilled in the side to allow setup

marks to be made on the gel during setup for imaging or irradiation. The open ended

jar was needed to allow for deformation of the gel in the superior-inferior direction,

along the length of the jar as can be seen in figure 3.4. Deformation was achieved

by means of an acrylic piston, 9 cm in diameter, which was attached to a BiSlide

linear stage (Velmex Inc., Bloomfield, NY) and driven by a two phase stepper motor

(Oriental Motor Co., Tokyo, Japan). Based on the manufacturers’ specifications of

the stepper motor and linear stage this system allowed for linear steps as small as

0.005 mm. As with the gel phantom base, the deformation apparatus can be locked

into place using a CT locking bar to ensure a reproducible setup on both the CT and

treatment unit couches. When deforming the gel for either imaging or irradiation

the stepper motor was moved using a VXM controller (Velmex Inc.) connected to a

laptop.
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Figure 3.4: Deformable gel in open-ended 1 L jar with acrylic piston inserted for
compression.

3.3 Gel Irradiation

All gels were irradiated using a Varian TrueBeam (Varian Medical Systems, Palo

Alto, CA, USA) linear accelerator (or linac) at the BC Cancer Agency - Vancouver

Island Centre (BCCA-VIC). All open field radiation deliveries to gel dosimeters used

6 MV photon beams at a dose rate of 400 MU/min. Gels that received radiation via

a modulated treatment such as VMAT or IMRT had a dose rate that varied during

delivery between 0 and 600 MU/min.

3.3.1 Non-deformable Gels

In the non-deformable dosimetry system, gels were irradiated with the head phantom

filled with water and attached to the phantom base. Marks on the head were used to

reproducibly setup the phantom via the linear accelerator room lasers. The temper-

ature of the water in the head was measured before and after irradiation to ensure
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a consistent temperature of the gel dosimeter when irradiated. After irradiation, all

gels were returned to the refrigerated water bath and allowed to polymerize for 24 h

prior to imaging.

3.3.2 Deformable Gels

In the deformable dosimetry system, the head was not used and gels were irradiated

in the 1 L plastic jar shown in figure 3.4 surrounded by air. Crosshair marks made

directly on the gel dosimeter were used for setup of the phantom on the linear accel-

erator. After irradiation the gel was returned to the fridge and again stored upright

for 24 hours prior to imaging, with the balloon stem at the top and no water bath in

a refrigerator.

3.4 Treatment Planning and Dose Calculation

3.4.1 Treatment Planning System

Radiation deliveries were planned using the ECLIPSE R© treatment planning system

(Varian Medical Systems, Palo Alto, CA). In general, for calibration of deformable

and non-deformable dosimeters a simple 3-field calibration plan was delivered with

small open fields at gantry angles of 45◦, 270◦ and 315◦. This plan was designed

to cover a full range of doses up to approximately 27 Gy and to be used for dose

calibration of x-ray CT gel dosimeters [119]. Specific details of the plans calculated

and delivered to the gels will be described in the relevant results chapters.

3.4.2 Monte Carlo

To provide more accurate calculated dose for calibration, the Vancouver Island Monte

Carlo (VIMC) system was also used to calculate the dose distributions. VIMC

has been thoroughly validated for the calculation of complex dose deliveries [165].

BEAMnrc [127] was used to model the linear accelerator treatment head and either

DOSXYZnrc [128] or VMC++ were used to calculate dose distributions within the

gels. All Monte Carlo dose calculations used a dose grid size of 0.25×0.25×0.25 cm2

and calculated the dose to water with a statistical uncertainty of 0.5%. The dose

distribution of a 3-field calibration plan on a non-deformable gel calculated by the

TPS and Monte Carlo are shown in figure 3.5 .
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(a) (b)

Figure 3.5: Dose for a 3-field calibration plan calculated by (a) the TPS and (b)
Monte Carlo.

3.4.3 Deformable Dose Calculation

Deformable dose calculations were performed by Dr. Emily Heath of the Carleton

Laboratory for Radiotherapy Physics at Carleton University using a novel deformable

dose calculation algorithm, defDOSXYZ [30]. The defDOSXYZ algorithm uses the

same BEAMnrc algorithm to model the linear accelerator as VIMC and the differences

in the systems lie in the calculation of dose within the patient or gel. As with

VIMC dose calculations defDOSXYZ used a dose grid size of 0.2×0.2×0.25 cm2 and

calculated the dose to water with a statistical uncertainty of 0.5%. Dose calculations

using static beam deliveries from VIMC and defDOSXYZ were compared to ensure

they produced similar dose calculations in the case where no deformation is present.

3.5 Gel Imaging

All gels were imaged using an Optima CT580 multi-slice CT scanner (GE Medical

Systems, Milwaukee, WI, USA) at BCCA-VIC, which is a 3rd generation CT scanner

as described in chapter 2. The multi-slice detector on this scanner is made up of

24 rows of individual detectors that can image up to 20 mm at a time in the axial

direction. The central 10 mm of the detector is made up of 16 rows of detector

elements 0.625 mm in width with 5 mm on either side made up of 4 rows, each 1.25

mm in width. The rows of detectors can be combined in a number of ways during

each scan to control the slice thickness of each image and acquire multiple slices at



56

one time. In this work, for all gels imaged, 8 slices of 2.5 mm in thickness were

acquired at each couch position in 20 mm steps over the length of the gel dosimeter.

At each couch position, 25 images of the 8 slices were acquired for the purposes of

image averaging. A summary of the CT parameters used for all image acquisitions

can be found in table 3.1. These CT imaging settings are based on previous work to

optimize gel dosimetry scanning protocols [121, 123]. Prior to each imaging session a

short warm-up scan was performed, as recommended by Hilts et al [89], to minimize

variations in x-ray tube temperature resulting from increasing tube load.

Table 3.1: Summary of CT settings used for gel image acquisition.

Setting Value
Tube Current 200 mA
Tube Voltage 120 kV

Gantry Rotation Time 1 s
Slice Thickness 2.5 mm
Field of View 25×25 cm2

Reconstruction Algorithm Standard
Images Acquired per Slice 25

3.5.1 Non-deformable gels

Non-deformable gels were set up on the CT scanner bed using the head and neck

phantom, as described in section 3.2, to ensure synchronized localization of the gel

for imaging and irradiation. For imaging the head cast was removed, which has been

shown to reduce imaging noise and artifacts without significantly affecting position

reproducibility [164]. Prior to readout of an irradiated gel a background scan was

taken of an unirradiated blank gel, whose fabrication was described in section 3.1, to

be used for background subtraction.

3.5.2 Deformable gels

For the purpose of background subtraction each deformable gel was imaged prior

to irradiation. This process differed from the non-deformable system and all prior

work in CT gel dosimetry where background subtraction images are acquired using

a blank gel. To perform an effective background subtraction the shape of the gel

must be identical in the readout and background scan and it was possible to use a
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blank gel for background scan when using identical 1 L jars as a container for all gels.

With deformable gels, however, the variations in shape between each gel required that

background and readout scan be performed on the same gel. For volumetric scanning

using the scanning parameters in table 3.1 it is estimated, based on the results in

Baxter et al. [124], that approximately 1 Gy of imaging dose was deposited prior to

irradiation on the linear accelerator. After setting up the deformable gel for the back-

ground scan, a set of three crosshair marks were made directly on the gel to facilitate

setup on the linear accelerator for irradiation and for the post-irradiation readout

scan. Background scans of the deformable gels were taken immediately preceding

irradiation.

3.6 Image Processing and Calibration

All analysis and image processing of gel dosimeters was performed using MATLAB R©

(version 2014b, The Mathworks, MA, USA). After imaging the data was processed to

maximize the signal to noise ratio using previously established standard prodcedures

for x-ray CT gel dosimetry [89, 117, 119]. The first step in image processing was

to average the 25 images of each slice for both the background scan and the gel

readout scan to decrease noise within the images. Background scan images were then

subtracted from images of the irradiated gel to remove any artifacts caused by the

container or from the CT scanner itself. The next step was to employ a 2D adaptive

mean filter that is weighted by the ratio of local variance (σ2
L) to overall image noise

(σ2
N). The value of pixels within the image after applying the filter are given by:

f(x, y) = g(x, y)− σ2
L

σ2
N

[g(x, y)−mL], (3.1)

where g(x, y) is the original pixel value and mL is an estimate of the local mean

around the pixel. This type of filter has been shown to be a highly effective tool

for noise reduction while preserving edges in polymer gel dosimetry[116]. In this

work a kernel size of 3x3 with 1 iteration was used for adaptive mean filtering as

recommended by Jirasek et al. [117] when used in conjunction with the other filtering

steps used in this work. The next step was to use a remnant artifact removal (RAR)

technique introduced by Jirasek et al [117]. The RAR filter is designed to remove

ring and streaking artifacts from the CT scan as well as noise intrinsic to the gel

dosimeter caused by density fluctuations. The noise caused by inherent gel density
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fluctuations is known to have some structure and is not purely random, which is

why more standard noise reduction filters will not remove it [166, 167]. The RAR

filter takes a 2D window and applies an nth degree polynomial to fit the values over

the defined span, which should be on the order of the size of the structured noise.

Any value in this window that exceeds the polynomial fit is considered an unwanted

structure or artifact and is redefined with the value from the polynomial. In this

way the filter is stripping the signal from the data which, in this case, is the density

fluctuations or CT artifacts. The filter is then rerun for a set number of iterations

on the image. A number of different filter parameters were examined, but in this

work the RAR filter was primarily set with a span = 7, degree = 3 and iterations

= 2, unless otherwise indicated. In figure 3.6, a single slice of a gel irradiated with

the 3-field calibration plan can be seen in the different stages of image processing

described in this section.

Figure 3.6: A single slice of an irradiated gel dosimeter as it undergoes the image
proccesing steps described in this section.

Once the gel images were processed, calibration of the gel was necessary to estab-

lish a relationship between the change in CT number and dose for the gel dosimeters.

The calibration method compares the dose from each pixel in the dose calculation

to the CT number measured in the corresponding pixel in gel dosimeter image [119].

The calibration only compares points within the gel container and all other points

are removed. This is done by creating a circular mask with a user-defined radius

that is centred on the gel dosimeter; various radii for the mask were tested to opti-

mize dose calibration. The CT images and calculated dose are registered using the

shared DICOM coordinate system of the CT scanner and TPS; adjustments can be

made to this registration to account for any setup error by visual comparison of the

filtered gel image and calculated dose. Areas of high dose gradient are removed prior

to calibration using a gradient threshold mask as any spatial errors in these regions
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will cause large dosimetric errors in the calibration; an example of the calibration

dose distribution with the high dose gradient regions removed can be seen in figure

3.7a. In this work a gradient threshold of 0.2 is used as recommended by Johnston

et al [119]. Remaining pixels in the dose calculation data are then binned by dose

and the average CT number for pixels within each dose bin are used to create data

points for the calibration curve. Each pixel within the gel image has a CT number

and associated uncertainty, errors are propagated through the mean calculation in

the binning process [122]. A dose calibration curve is plotted based on the binned

data points using an empirical model described by the following equation:

∆NCT = α + βtanh(γD− φ), (3.2)

where ∆NCT is the change in CT number, D is the dose and α, β, γ and φ are

fit parameters. This type of function has been shown to provide better calibration

compared to other tangential or sigmoidal functions [122]. An example of a calibration

curve using a gradient threshold of 0.4 and dose bin size of 1 Gy is shown in figure 3.8.

The generated calibration curve can then be used to perform a self-calibration on the

gel used to create the curve or it can be used to calibrate a different gel dosimeter.

More specific details of dose calibration of deformable and non-deformable gels will

be given the respective results chapters.

(a) (b)

Figure 3.7: (a) Low-dose gradient and (b) high-dose gradient regions of the 3-field
calibration plan used for dose difference and DTA comparisons, respectively.
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Figure 3.8: Example of a calibration curve used to convert CT number to dose.

3.7 Dose Evaluation Techniques

Once calibrated, measured gel dose distributions were compared to calculated dose

in several ways. The first, and most natural, is a straight dose difference comparison.

This is simply comparing the dose measured (DM) at each point within the gel to

the dose calculated (DC) at the same spatial location. This can be represented as an

absolute dose difference:

Absolute Dose Difference = DM −DC , (3.3)

a dose difference relative to the calculated dose at the point of measurement:

Local Relative Dose Difference =
DM −DC

DC

, (3.4)

or a dose difference relative to the maximum dose within the calculated dose distri-

bution (Dmax):

Global Relative Dose Difference =
DM −DC

Dmax

. (3.5)

However, in regions of high-dose gradient small spatial errors or misalignments

of either the calculated or measured dose can lead to large discrepancies in dose

difference. For this reason, another metric known as distance-to-agreement (DTA)
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was used to evaluate high-dose gradient regions of compared dose distributions. For

each point within the dose distribution, DTA is the smallest distance between the

measured data point and a data point in the calculated dose distribution that have

the same dose. To evaluate the entire dose distribution at once a combination of

these metrics known as the gamma-index, developed by Low et al [168], was also

utilized. The gamma index calculation is dependent on setting dose difference and

DTA criteria, ∆DC and ∆dC , respectively. Given these two criteria the gamma index

for the point rm in the dose measurement is as follows:

γ(rm) = min{Γ(rm, rc)}∀{rc} (3.6)

where,

Γ(rm, rc) =

√
(rc − rm)2

∆d2
C

+
(Dc(rc)−Dm(rm))2

∆D2
C

, (3.7)

rc is a point in the dose calculation, Dm(rm) is the dose at point rm, and Dc(rc) is

the dose at point rc. For a point to pass the gamma criteria it must have a gamma-

index value of less than or equal to 1. The result of a dose distribution evaluated by

the gamma test is often quoted as percentage of points passing the criteria. When

calculating the gamma-index it is common for the dose difference, Dc(rc)−Dm(rm),

to be normalized to the maximum dose within the dose distribution (global normal-

ization) and for points below a certain dose threshold, usually a percentage of the

maximum dose, to be eliminated from the analysis. The dose difference and DTA

criteria used in gamma analysis and the expected passing rates can vary based on

the dose measurement tool being used and on the type of delivery being evaluated.

The most common criteria used for treatment verification is 3%/3 mm with a global

dose difference normalization [40]. These criteria are also suggested in the TG-119

report on IMRT commissioning [17], which also used a dose threshold of 10% of the

maximum dose. TG-119 suggests acceptable pass rates of 90% for per field IMRT

analysis and 88%-90% for composite irradiations analysed with film, with the caveat

that gamma pass rates will strongly depend on the specific details of the procedure

used. Basran et al. [169] has suggested that acceptable IMRT QA pass rates may

be site dependant, with 95% suggested for non-head and neck IMRT plans and 88%

for head and neck IMRT plans using a 3%/3mm gamma criterion and a 10% dose

threshold. In March of 2018, the TG-218 report on Tolerance limits and methodolo-

gies for IMRT measurement-based verification QA recommended a gamma passing
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rate tolerance limit of 95% and an action limit of 90% when using a 3%/2 mm crite-

rion within a spatial domain defined above a 10% dose threshold [170]. Upon failure

of these action level pass rates it is recommended that a medical physicist investi-

gate the possible cause of this failure which could involve checking the setup of the

dosimeter/phantom, the radiation beam, any QA software used, the MLC and the

TPS. The ultimate solution may be as simple as a re-measurement of the delivery or

lead to a complete re-planning of the delivery.
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Chapter 4

Results and Discussion I:

Evaluation of Accuracy and

Precision in Polymer Gel

Dosimetry

This chapter is reproduced from portions of an article entitled Evaluation of ac-

curacy and precision in polymer gel dosimetry [1] published in the the journal of

Medical Physics and is reproduced here with permission from John Wiley and Sons,

Inc (Hoboken, NJ, USA). My contributions to this article included contributions to

the conception and design of the experiments, collection of all data, production of

all figures and tables, data analysis and interpretation, drafting of the article, critical

revision of the article and final approval of the version to be published. Co-authors

contributed to the conception and design of the experiments, data analysis and in-

terpretation, critical revision of the article and final approval of the version to be

published.

4.1 Introduction

Polymer gel dosimetry (PGD) is a branch of three-dimensional (3D) dosimetry where

a carefully tuned recipe of radiosensitive chemicals dissolved in gelatin form a 3D

dosimeter that will respond to delivered radiation in a predictable way. Once ir-

radiated a gel is read out to acquire the dosimetric information and, traditionally,
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polymer gels have been read out using magnetic resonance imaging (MRI). There has

been a significant amount of research into the use of PGD with MRI readout [106–

108, 171, 172], but the high cost and limited accessibility of MRI in a clinical setting

have spurred research into other readout modalities such as optical CT [173, 174] and

x-ray CT [89, 119, 155, 175] imaging. X-ray CT is a particularly interesting option

as it is a well-developed and widespread imaging modality that is readily available in

all modern clinical radiation therapy departments.

In x-ray CT PGD, changes in the linear attenuation coefficient within the irradi-

ated gel are limited by the small size of the density changes (approximately 1 mg/cm3

per 1 Gy of absorbed dose) [34] that occur due to the polymerization of the gel. X-ray

CT PGD is therefore hampered by low signal-to-noise ratio and low contrast in its

dose resolution. Research has focused on maximizing the signal by increasing the

sensitivity of the gel recipe [74, 118], using filtering to decrease noise and remove

artifacts [116, 117] and improving calibration techniques [122]. Recent research has

moved toward preliminary clinical applications [119, 155].

PGD has natural advantages as a dosimetric tool as polymer gels are inherently

3D, tissue equivalent [176], and deformable. There has also been a significant amount

of research into using less toxic, N-isopropyl-acrylamide (NIPAM)-based gel formu-

lations to further increase clinical appeal [74, 96, 97, 177, 178]. Potential clinical

applications of PGD include deformable dosimetry for verification of deformable dose

calculations [158, 160], end-to-end validation of the clinical treatment chain, and

the evaluation of other dosimetry systems used for clinical quality assurance. With

the advancement of radiation therapy toward complicated clinical techniques in four-

dimensional (4D) and image-guided adaptive radiation therapy, the need for a truly

3D dosimeter is essential and the promise of polymer gels in this regard is yet to be

fully realized clinically [35]. To enable clinical implementation, the reproducibility,

dosimetric accuracy, and spatial accuracy that can be expected of PGD systems need

to be established.

The aim of this work is to assess the overall reproducibility and accuracy of an

x-ray CT polymer gel dosimeter system initially characterized in a study by John-

ston et al. [119] that investigated the temporal stability, spatial stability, dose rate

dependence, and dose resolution of this system. This study also investigates the ef-

fect that calibration across different gel batches has on the accuracy of the system.

Specifically, we investigate the use of interbatch gel calibration, average or generic

calibration curves, and intragel calibration across different locations within the gel
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dosimeter.

4.2 Materials and Methods

4.2.1 Fabrication

All active gel dosimeters and blank gels were fabricated as described in section 3.1.1

for non-deformable gels. In total, five 1 L gels were fabricated for analysis in this

work with 4 gels manufactured from a single lot of NIPAM and 1 gel from a separate

lot of NIPAM that was 2 years older. An irradiated gel fromt these experiment can

be seen in figure 4.1a.

(a) (b)

Figure 4.1: (a) Irradiated 1 L gel dosimeter with calibration pattern delivered to both
top and bottom of gel container and (b) treatment plan beam arrangement with color
dose wash for calibration plan calculated in ECLIPSE R©.

4.2.2 Treatment Planning and Irradiation

The 1 L gels were irradiated with three 3 × 7 cm2 fields, at 45◦, 270◦, and 315◦

as shown in figure 4.1b. The plan was designed using the ECLIPSE R© treatment

planning system (Varian Medical Systems, Palo Alto, CA, USA) and covers a full

range of doses up to a maximum of approximately 27 Gy. This treatment plan was
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delivered to two separate locations within the gel at both the top and bottom of gel

container and was used to calibrate the dose response of the gel dosimeter. The dose

for this treatment plan was also calculated using the Vancouver Island Monte Carlo

(VIMC) system which has been thoroughly validated for the calculation of complex

dose deliveries as described by Bush et al [165]. The VIMC dose calculation was used

for calibration of the gel dosimeter and as a comparison to assess the accuracy of the

gel dosimeter.

During irradiation gels were setup using the anthropomorphic head and neck phan-

tom introduced in section 3.2.1 and irradiated using the equipment and procedures

described in section 3.3.1.

4.2.3 X-ray CT Imaging and Image Processing

After irradiation gels were imaged using the Optima CT580 multi-slice CT scanner

described in section 3.5. The procedures and imaging parameters for all gel dosimeters

and blank gels imaged in these experiments are given in detail in section 3.5.1 and

Table 3.1.

After CT readout, image processing was performed using the procedures outlined

in section 3.6. Briefly, these steps include image averaging, background subtraction

using blank gel images, 2D adaptive mean filtering, and remnant artifact removal

(RAR).

4.2.4 Dose Calibration

The general dose calibration steps used in these experiments are described in section

3.6 with calibration data fit using an empirical model defined in equation 3.2. In

this study, we looked at different potential calibration methods for the gel dosimeter

in an effort to determine any changes in accuracy when using different calibration

techniques. The gels were calibrated in four different ways:

1. Self-Calibration: The gel image is calibrated using the calibration curve gener-

ated by its own image; it is essentially calibrated with itself. This eliminates any

error introduced by differences between different gel batches and is a ”best-case

scenario” for the dosimeter.

2. Intragel Calibration: The gel image at the bottom of the container is calibrated

using the calibration pattern at the top of the gel container. This removes
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error produced by the differences between different gel batches but potentially

introduces error produced by differences in the response of the gel at the top

and bottom of the container.

3. Average Calibration: The gel image is calibrated using the average calibration

curve of the four gels in the sample. The results from this type of calibration will

determine the plausibility of using a generic calibration curve for this dosimetry

system.

4. Most Divergent Calibration: The gel image is calibrated using the calibration

curve which produces the least accurate dosimetric results. This is the ”worst-

case scenario” for this sample when attempting to use an intergel calibration.

The gel dose generated by each calibration method was compared to the VIMC

calculated dose across the sample of four gels using (a) dose difference in low-dose

gradient region (with a gradient threshold = 0.2), (b) distance-to-agreement (DTA) in

high-dose gradient regions, and (c) gamma distributions and pass rates. An example

of the high- and low-dose gradient regions for the calibration plan can be seen in

figure 3.7.

4.3 Results

4.3.1 Gel Response and Reproducibility

Figure 4.2a is an example of the calibration curve for an individual gel dosimeter;

this figure also includes all the binned CT values used in the fitting process. To

demonstrate the interbatch reproducibility of the gel dosimeter, figure 4.2b illustrates

an overlay of the calibration curves from each gel. Note that Gel 5 was the gel

fabricated using a different lot of NIPAM, and this gel’s calibration curve deviates

significantly from the others; for this reason, it has been removed from the rest of

the data in this work. Other gels made with this older lot of NIPAM showed a

similarly decreased dose response when compared with the newer lot of NIPAM. The

stark difference of the dose response for the gel made with a different chemical lot

indicates the need for careful control and recording of chemicals used in the fabrication

process, particularly for NIPAM. The consistency in the remaining calibration curves

is an indication of reproducibility across different gel batches and allows for accurate
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calibration of the gel dosimeter using an average calibration as described earlier.

To further demonstrate consistency within calibration curves, Table 4.1 shows the

calibration curve parameters as well as an average of these values which was used to

perform the average calibration method.

(a) (b)

Figure 4.2: Calibration curves for (a) an individual gel including all binned CT values
used to produce the curve and (b) all five gels used in this work. Note Gel 5 in (b)
was fabricated using a different lot of NIPAM.

Table 4.1: Summary of calibration curve parameters in reproducibility study.

Fitting parameters (with 95% confidence bounds)
α β γ φ

Gel 1 9.08 (9.03, 9.13) 16.6 (16.5, 16.8) 0.0674 (0.0666, 0.0682) 0.872 (0.859, 0.884)
Gel 2 8.74 (8.70, 8.79) 16.4 (16.2, 16.5) 0.0693 (0.0685, 0.0701) 0.885 (0.872, 0.897)
Gel 3 8.94 (8.90, 8.98) 16.0 (15.9, 16.1) 0.0717 (0.0710, 0.0725) 0.972 (0.960, 0.983)
Gel 4 8.76 (8.71, 8.80) 16.3 (16.2, 16.5) 0.0670 (0.0682, 0.0698) 0.893 (0.881, 0.905)

Average 8.88 ± 0.14 (1.6%) 16.3 ± 0.23 (1.4%) 0.0694 ± 0.0016 (2.2%) 0.905 ± 0.039 (4.3%)

4.3.2 Intragel Calibration and Correction

Figure 4.3a shows calibration curves created from the irradiation patterns delivered

at the bottom and top of the gel container for Gel 1 and shows the difference in dose

response at these two locations within the gel dosimeter. In figure 4.3b, the difference

between the curves at the top and bottom of the gel container is plotted for the 4 gels

included in this study along with an average of these differences. The curves appear to

follow a similar overall shape and the differences between them span an overall range

of less than 0.2 HU. As there is a consistent shape in these curves, the average curve

is a representation of the average difference in gel response at the top and bottom of
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the gel as a function of dose delivered. Using the average calibration curve difference

between the top and bottom of the gels, a dose-dependent correction was calculated

to be applied to calibration curves at the top of the gel container. Figures 4.3c and

4.3d shows the effect of this correction for an individual gels calibration curves and for

the average calibration curves from all four gels. This correction is able to effectively

account for the difference in the dose response of the gel and allowed for the possibility

of accurate intragel calibration.

(a) (b)

(c) (d)

Figure 4.3: (a) Calibration curves at the bottom and top of an individual gel, (b)
difference between the top and bottom calibration curve for each gel and an average of
these differences which was used to create a dose-dependent correction, (c) calibration
curves at the top and bottom of a gel with the corrected calibration curve overlaid,
and (d) the average calibration curves from the top and bottom of all gels with the
average corrected calibration curve overlaid.
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4.3.3 Comparison of Calibration Methods

Dose Difference

Figure 4.4a displays the measured gel dose for a self-calibrated gel, and figure 4.4b

displays Monte Carlo calculated dose for an individual gel dosimeter. The dose differ-

ence map between Monte Carlo and gel-measured dose is shown in figure 4.4c. Good

agreement is seen in the low gradient regions outlined in figure 3.7a with the higher

gradient regions outlined in figure 3.7b showing doses up to 2 Gy higher than calcu-

lated in Monte Carlo. There is also a region at the far left of the dose map near the

entrance of the horizontal field where Monte Carlo calculates the dose to be around

20 Gy and the gel under responds by up to 2 Gy. This under response can also be

seen in figure 4.5a at 20 Gy and in the binned data used for the calibration in figure

4.2a. Figures 4.5a and 4.5b show the effect that the amount of dose delivered has on

dose difference. The gel dose is lower on average than calculated for the highest doses

but is more accurate at other dose levels with an absolute mean dose difference of 0.46

Gy across all data points within the gel. In terms of variance within the local relative

dose difference, figure 4.5b shows that this variance decreases as the delivered dose

increases. This variance decreases because the absolute dose error is fairly constant

across all dose levels, as seen in figure 4.5a, so as the amount of dose delivered to the

gel increases, the variance in local relative dose error decreases.

A comparison of dose error produced using each of the described calibration meth-

ods is shown in figure 4.6. This figure shows the average dose error relative to the

maximum delivered dose across all gel dosimeters used in this sample. The average

calibration produces an average dose error of 1.8% which is similar to the best-case

self-calibration with an average dose error of 1.6%. The similarity in dose error be-

tween these two calibrations methods indicates that the use of an average calibration

curve can be effective. Even when using the most divergent calibration, the aver-

age dose error remains below 3%, and although the uncorrected intragel calibration

method produces an average dose error of approximately 5%, the dose-dependent cor-

rection returns the accuracy to that of the average calibration method. In figure 4.7,

the average dose error for the first three calibration methods is shown as a function

of the dose delivered, and as seen previously in figure 4.5a, this dose error is rela-

tively consistent across all dose levels. Figure 4.8 shows that although the intragel

calibration error increases with the amount of dose delivered, the correction method

is effective across all dose levels.
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(a) (b)

(c)

Figure 4.4: Dose maps for (a) measured gel dose, (b) Monte Carlo calculated dose,
and (c) gel dose - MC dose for a self-calibrated gel dosimeter. The cross-sectional
diameter of the gel is 10 cm.
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(a) (b)

Figure 4.5: Comparison of a single measured self-calibrated gel dose to Monte Carlo
calculated dose using (a) dose difference in each voxel plotted as a function of dose
delivered and (b) relative local dose difference as a function of dose delivered. Data
points have also been binned into 1 Gy bins and overlaid onto these plots.

Distance-to-agreement

Figure 4.9a shows the distance-to-agreement (DTA) between measured gel dose and

Monte Carlo calculated dose for the same gel dosimeter examined in section 4.3.3. In

this gel, more than 90% of points in the high-dose gradient region have a DTA of less

than 1 mm and more than 99% of points have a DTA of less than 2 mm. These DTA

results indicate that there is good spatial accuracy in these high-dose gradient regions.

Comparing the high-dose gradient regions in figure 4.9a to the dose difference map in

figure 4.4c, these regions showed an absolute dose difference of up to 2 Gy. The low

DTA values imply the cause of the high-dose error in the high-dose gradient region is

due to small spatial inaccuracies. The cause of these spatial inaccuracies is unclear and

previous work has shown that spatial integrity of this dosimetry system is excellent

for gels imaged between 15 and 36 hours post-irradiation [119]. DTA analysis in the

high-dose gradient regions complements dose difference values measured in the low

gradient regions. Table 4.2 summarizes the data from this reproducibility study, and

overall, the spatial accuracy is excellent for the self, average, and corrected intragel

calibration methods with mean DTA values equal to approximately 0.6 mm and more

than 99% points with a DTA less than 2 mm. The average calibration results again

indicate good reproducibility within the sample set, and even when using the most

divergent calibration within the sample, more than 97% of points in the high gradient

region have a DTA of less than 2 mm.
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Figure 4.6: Average dose error relative to the maximum dose across all gels within
the sample for each calibration method.

Figure 4.7: Average dose error relative to maximum dose across all gels within the
sample binned into 5 Gy dose levels.

Gamma Analysis

Combining both the high and low gradient regions together and performing a full

gamma analysis gives a sense of the dosimetric and spatial accuracy through the entire

gel dosimeter. Figure 4.9b shows the gamma values for an individual gel dosimeter. In

this example, fewer than 2% of points fail the gamma metric when using a 3%/3 mm

criterion, with some points failing in areas that correspond to an under response of
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Figure 4.8: Average dose error relative to maximum dose across all gels within the
sample binned into 5 Gy levels. A comparison of the average and intragel calibrations
can be seen here; as well, the effectiveness of the dose-dependent correction factor used
for intragel calibration.

Table 4.2: Summary of distance-to-agreement (DTA) results from high-dose gradient
regions in reproducibility study.

Mean pass rate Mean pass rate
Calibration method Mean DTA (mm) DTA < 1 mm DTA < 2 mm
Self-calibration 0.61 ± 0.03 92.2% ± 1.9% 99.8% ± 0.2%
Average calibration 0.63 ± 0.07 91.4% ± 2.4% 99.6% ± 0.3%
Most divergent calibration 0.72 ± 0.17 85.8% ± 6.3% 97.2% ± 2.6%
Intragel calibration 1.34 ± 0.21 52.1% ± 9.9% 83.3% ± 5.9%
Intragel calibration (corrected) 0.63 ± 0.07 91.4% ± 2.4% 99.6% ± 0.3%

the gel dosimeter seen in figure 4.4c. One of these under responding regions is just to

the left of the center of the gel dosimeter where the delivered dose is near a maximum

[see figure 4.4b]. This discrepancy may be a result of the shape of the calibration

curve. In the highest dose regions small changes in CT number can lead to large

changes in calibrated dose because the calibration curve becomes flatter at higher

doses. This effect may also be the cause of a systematic under response that can be

seen in figure 4.5a for delivered doses greater than approximately 25 Gy. Another

region of failing points corresponds to the region of gel under response on the left side

of the dosimeter near the entrance of the horizontal field that can be seen in figure
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(a)
(b)

Figure 4.9: Comparison of a single measured self-calibrated gel dose to Monte Carlo
calculated dose using (a) a DTA map in the high-dose gradient regions and (b) gamma
index through the whole gel with a 3%/3 mm criterion and 10% dose threshold. The
cross-sectional diameter of the gel is 10 cm.

4.4c. The increase in dose error at the highest doses is a limitation of the ideal dose

range of this dosimeter, which lies within the linear part of the calibration curve. For

this reason, when using a gel dosimeter with this type of calibration, it may be best

to limit the delivered dose to less than 25 Gy. In table 4.3, the average passing rates

(γ < 1) at the 3%/3 mm criterion across the sample gels are greater than 95% for

the average calibration and intragel calibration when corrected, although it should

be noted that for Gel 3 the gamma pass rate drops below 95% for both of these

calibration methods. Again we see the effectiveness of using an average calibration

curve when compared to self-calibration and the effectiveness of the dose-dependent

correction for intragel calibration.

Table 4.3: Summary of gamma analysis results in reproducibility study using 3%/3
mm gamma criterion with a 10% dose threshold.

Gamma pass rates (3%/3mm)
Gel 1 Gel 2 Gel 3 Gel 4 Average pass rate Mean gamma value

Self-calibration 98.4% 98.4% 98.2% 97.6% 98.2% ± 0.4% 0.320 ± 0.005
Average calibration 99.6% 99.1% 91.8% 96.6% 96.8% ± 3.6% 0.348 ± 0.040
Most divergent calibration 95.4% 96.6% 81.2% 90.3% 90.9% ± 7.0% 0.454 ± 0.074
Intragel calibration 64.0% 71.3% 91.1% 79.9% 76.6% ± 11.7% 0.706 ± 0.145
Intragel calibration (corrected) 99.6% 99.1% 91.8% 96.6% 96.8% ± 3.7% 0.348 ± 0.041
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4.4 Discussion

4.4.1 Gel Response and Reproducibility

The difference in dose response between NIPAM lots was observed in other gels not

shown in this work, and these results indicate that the use of NIPAM in this gel

formulation must be carefully monitored. Using an average calibration or calibrating

across different gel batches may not be effective without consistency in the chemical

lot of NIPAM used or some form of correction to account for potential differing

gel response. It should be noted that there was no issue with other ingredients in

this formulation as gels made across different lots of Gelatin, BIS, or THPC, whose

results are not shown in this work, showed no apparent difference in response. Overall,

when NIPAM consistency is considered, the interbatch reproducibility is such that

an average, or generic, calibration is possible and the potential of using a generic

calibration curve is an important factor going forward for clinical applications of this

gel dosimeter. Previous studies of NIPAM-based gel dosimeters have also looked

at the reproducibility of gel dose response across a small sample of gel batches for

both x-ray CT [89] and optical CT [171] readout. In neither case was an attempt to

translate this toward generic calibration made.

4.4.2 Intragel Calibration and Correction

Gels manufactured in this work consistently showed a difference in response of up to

0.8 HU between the top and bottom of the gel container. The reason for this difference

remains unclear despite attempts to resolve the discrepancy during the fabrication

procedure. Gels were repeatedly flipped as they set to counteract any gravity induced

settling of chemicals at the bottom of the gel container, but this was not effective in

removing the discrepancy. Some gels were allowed to set in the fridge upside down,

and although it was effective in reducing the difference in response between the top

and bottom of the gel, cooling the gels in this manner also introduced a large amount

of interbatch variability. The success of allowing the gel to set upside down does

imply that the intragel variation is due in some part to gravitational effects on the

cooling and setting of the gel. These initial attempts to resolve the issue are not

conclusive about the exact cause of this intrabatch inconsistency and more work is

needed. Given the consistency of the intragel variation, the most effective method

to fix this issue was found to be a dose-dependent correction factor. This correction
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factor effectively removed the difference in response at the top of the gel, however

further work is needed to investigate the extent of this intragel variation and whether

it can be corrected for the entire volume of the dosimeter.

4.4.3 Comparison of Calibration Methods and Accuracy of

Gel Dosimeter

The four calibration methods investigated in this work provide valuable information

in the future applications of this dosimeter. The self-calibration sets a baseline for

the achievable accuracy of the system, stripping away error introduced by day-to-

day variations in gel fabrication, irradiation, and imaging. Controlling for these

factors was a priority in this work but variations in gel cooling, storage and handling,

irradiation and imaging setup, and radiation delivery can contribute to interbatch

variation [179]. Remarkably, the increase in the mean absolute dose error was less than

0.3% when comparing the average calibration and self-calibration. The mean DTA

increased by less than 0.1 mm, DTA pass rates decreased by less than 1%, and average

gamma pass rates decreased by less than 2% when moving from a self-calibration

to an average calibration. Even when performing intergel calibration and choosing

the single gel that produces the most divergent results as the calibration, the mean

absolute dose error was less than 3% and the average gamma pass rate was greater

than 90%. These results further demonstrate the excellent interbatch reproducibility

achievable with this gel dosimetry system and demonstrate the effectiveness of the

average calibration method. It is conceivable that with this level of consistency even

a single gel could be used to calibrate multiple future dosimetry measurements, if all

gels are made with the same lot of NIPAM. For 3D measurements using the entire

volume of the gel however, one must consider the intragel variability displayed in this

work as it will effect dose accuracy along the length of the dosimeter. A correction for

this effect along the entire length of the dosimeter may be possible and could improve

the accuracy of 3D dose measurements.

Overall when looking at the average calibration method, the mean dose error was

1.8% in the low-dose gradient region. Vandecasteele and De Deene [171] performed a

study with a sample of eight acrylamide PAGAT gels using an MRI readout and with

doses up to 12 Gy delivered. Mean dose discrepancies at isocenter when compared

to an ion chamber measurement were found to be as high as 13.0% intrabatch and

13.7% interbatch. Note that these values are the maximum dose discrepancies and



78

that mean dose discrepancies as low as 2.7% intrabatch and 6.3% interbatch were

found using different scanning timing and methods. The poor accuracy of these

results was largely attributed to temperature fluctuations between the calibration

and test phantoms. A further study by Vandecasteele and De Deene [107] repeated

this experiment and reduced the mean dose discrepancy to 2.58% when temperature

stabilization was held within 0.2◦C. These improved results are comparable to those

found in this work, and although the increased dose sensitivity of the MRI readout

allows for dose measurements at a lower dose level, temperature sensitivity requires

careful environmental control to avoid large dose errors. Chiu et al. [155] evaluated

a NIPAM-based polymer gel with x-ray CT readout and when evaluating the percent

depth dose (PDD) found discrepancies between gel measurement and EBT3 film than

ranged from 0.17% to 4.94%. Overall, they found a 3.57% difference between the gel

and film measurements when comparing PDDs.

When looking at the spatial accuracy of the average calibration method, the sam-

ple of gels in this work produced mean DTA of 0.63 mm in the high-dose gradient

region and on average 99.6% of points in this region had a DTA less than 2 mm. Chiu

et al. [155] also found a high degree of spatial accuracy in the high-dose gradient re-

gion with only a 0.5 mm difference between EBT3 film and the gel dosimeter when

comparing the physical penumbras.

When evaluating all regions of the dosimeter with a gamma metric, the average

passing rate in this work was found to be 96.8% using a 3%/3 mm criterion for gels

calibrated using an average calibration curve. A large number of the failing points

occurred in the region with the highest dose delivered to the gel, and the pass rates

might be improved by limiting the maximum dose delivered to this gel dosimeter

to less than 25 Gy. With renormalization, Vandecasteele and De Deene [171] found

gamma pass rates using a 3%/3 mm criterion were as high as 97% and 99% for

intrabatch and interbatch experiments, respectively. Chiu et al. [155] found pass

rates greater than 96% using a 3%/3 mm criterion when comparing gel measurement

to the TPS and EBT3 gafchromic film. Chang et al. [174] found gamma pass rates at

the 3%/3 mm criterion were less than 90% with many points failing in the high-dose

gradient region due to positioning errors, scattering, and edge enhancement effects.

The scattering of light and edge enhancement effects in high gradient dose regions

are known issues found in optical CT gel dosimetry [180, 181].

Other studies on the accuracy of gel dosimetry have focused on dose differences and

gamma pass rates for clinical IMRT and VMAT plans. Oldham et al. [182] found that
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a radiochromic 3D dosimeter made of solid polyurethane plastic and using optical CT

readout had a gamma pass rate of 96% at the 3%/3 mm criterion for a complex IMRT

delivery when compared to the TPS. Further study of this polyurethane dosimeter by

Jackson et al. [183] found gamma pass rates of 99.6% for an IMRT plan and 94.5%

for a VMAT plan.

The results in this work are on par with results in other gel studies, including

those using optical CT and MRI as readout methods. When using the average cal-

ibration method, the results in this work are still comparable to those found with

other gel dosimetry systems that use intragel or individual gel calibration. Given

that the low-dose sensitivity of this dosimetry system requires the delivery of higher

doses to achieve accurate dosimetry and the excellent spatial accuracy achieved in

this work, this system may be best suited clinical applications that require highly ac-

curate localization of large doses such as hypofractionated treatments or stereotactic

radiosurgery (SRS).

4.4.4 Summary of Recommendations

1. The reproducibility between gel batches with this dosimetry system allows for

the use of an average or generic calibration curve to calibrate individual dosime-

ters with a high level of dosimetric and spatial accuracy.

2. The use of NIPAM must be carefully monitored in the fabrication of this gel

dosimeter. Differences in the age or chemical lot of the NIPAM used can affect

the dose response and reproducibility of gel measurements.

3. At low doses, the absolute dose error is large relative to the dose delivered which

leads to large relative uncertainty. At high doses, the gel becomes saturated and

small changes in CT number can lead to large dose errors. It may be necessary to

limit the dose delivered when using this gel formulation and calibration method

to less than 25 Gy.

4. Intragel calibration is possible, however, due to gravitational induced differences

in response at the top and bottom of the gel container, a correction factor is

required to avoid large dose errors.

5. Overall, the results for this gel formulation and the average calibration method

produce results comparable to other 3D gel dosimeters and readout techniques,
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and this dosimeter has achieved sufficient accuracy and reproducibility to move

forward toward clinical applications.

4.5 Conclusions

This work evaluates the reproducibility and accuracy of an x-ray CT PGD system as

well as the feasibility of generic and interbatch calibration in PGD. Comparison of gel

measurements with Monte Carlo dose calculations found excellent dosimetric accuracy

when using an average (or generic) calibration (mean dose discrepancy of 1.8% in low-

dose gradient region) and minimal accuracy was lost when compared to a ”best-case

scenario” self-calibration method (mean dose discrepancy of 1.6% in low-dose gradient

region). An intragel calibration method was also investigated but required a dose-

dependent correction to avoid large dose discrepancies. Spatial accuracy was also

found to be excellent for the average calibration method (mean DTA of 0.63 mm

and 99.6% of points with a DTA < 2 mm in high-dose gradient region) and again

little accuracy was lost when compared to the self-calibration method (mean DTA

of 0.61 mm and 99.8% of points with a DTA < 2 mm in high-dose gradient region).

Gamma analysis using a 3%/3 mm criterion also found good agreement between the

gel measurement and Monte Carlo dose calculation when using either the average

calibration or self-calibration methods (96.8% and 98.2%, respectively). It should

be noted that these results were limited to localized slices within the dosimeter and

the intragel variability may need to be addressed to achieve this level of accuracy

throughout the entire volume of the dosimeter

Overall, this work has demonstrated the effectiveness of interbatch calibration and

the use of a generic calibration method with an x-ray CT PGD dosimetry system and

we have achieved sufficient accuracy and reproducibility to begin investigating clinical

applications.
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Chapter 5

Results and Discussion II:

Development of a Deformable

Dosimetry System

This chapter is reproduced from portions an article entitled Introduction of a de-

formable x-ray CT polymer gel dosimetry system [184] published in the the journal of

Physics in Medicine and Biology and is reproduced here with permission from IOP

Publishing (Bristol, UK). My contributions to this article included contributions to

the conception and design of the experiments, collection of all data, production of

all figures and tables, data analysis and interpretation, drafting of the article, critical

revision of the article and final approval of the version to be published. Co-authors

contributed to the conception and design of the experiments, data analysis and in-

terpretation, critical revision of the article and final approval of the version to be

published.

5.1 Introduction

Technological advances in radiation therapy are pushing towards more complex treat-

ment techniques that attempt to address issues that could not previously be consid-

ered. For example, four-dimensional and image-guided adaptive radiation therapy

are used to correct for radiation dose delivered to patient anatomy that undergoes

motion or deformation during treatment [19, 185]. To adapt treatment plans to de-

forming patient anatomy it is necessary to perform deformable image registration and
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dose warping in order to assess the impact of the changing patient geometry on the

delivered dose. To this end, a variety of different dose warping methods have been

developed [28–30, 186–188]. To be confident in the ability of these algorithms to

accurately predict how dose will be deposited in deforming tissue there is a need for

independent dosimetric measurements that are three-dimensional, tissue equivalent,

integrating, and deformable.

Several deformable dosimeter systems have been recently proposed, using a variety

of manufacturing techniques and readout imaging modalities [72, 156–158]. Prelim-

inary dosimetric and deformation characteristics of a polymer gel dosimeter that is

read out using optical CT imaging have been determined [157, 159] and these gels were

subsequently used in the initial validation of a range of dose-warping and deformable

image registration algorithms [160, 161]. There has been preliminary work using an

optically read out leuco dye based dosimeters that has primarily focused on initial

dosimteric and mechanical characterizations [71, 72, 99, 100]. A methacrylic acid

based gel dosimeter using magnetic resonance imaging (MRI) readout has been used

to validate a deformable dose accumulation algorithm [156]. Finally, a deformable

elastic polyurethane matrix doped with radiochromic leuco dye with an optical CT

readout has been initially characterized and used in the verification of a commercial

deformable image registration (DIR) algorithm [158]. These deformable dosimeters

have shown promising results, however several issues remain outstanding. For ex-

ample, MRI can be an inaccessible and expensive readout method and optical CT

imaging is a developing imaging technology and requires a dedicated scanner that is

outside the radiation therapy treatment workflow. To date there has been no attempt

to develop a deformable dosimeter that uses x-ray CT imaging as a readout method.

An x-ray CT read out deformable dosimetry system would have the advantage of

an already established and widespread imaging modality that is readily available in

radiation therapy departments and directly integrated within the radiation therapy

workflow and, unlike optical CT, has no limitations on imaging geometry and can

potentially scan dosimeters up to the size of a patient.

X-ray CT polymer gel dosimetry (PGD) measures the changes in linear attenua-

tion coefficient caused by polymerization within a gel that has been irradiated. These

changes are relatively small and therefore the development of x-ray CT PGD has been

focused on maximizing this low signal by increasing dose sensitivity with improved gel

recipes [74, 118], improving image filtering [116], removal of image artifacts [117], and

optimizing calibration techniques [122]. More recent work has focused on potential
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clinical implementations of an x-ray CT PGD system [1, 119, 155].

In this work, we introduce the first 3D deformable dosimetry system based on x-ray

CT polymer gel dosimetry by building upon a previously established NIPAM based

x-ray CT polymer gel dosimetry system [119]. We perform an initial characterization

of this deformable dosimetry system and establish the setup reproducibility, defor-

mation characteristics and dose response of the deformable dosimeter to determine

the feasibility of future applications in the validation of dose warping and deformable

image registration algorithms.

5.2 Materials and Methods

The fabrication of deformable gels is described in section 3.1.2 with figures of a de-

formable gel and wax fiducial markers shown in figures 3.1 and 3.2, respectively.

For one gel, referred to as ”Deformable Gel 3” for the remainder of this chapter, a

thin layer of polyvinyl alcohol coating (approximately 1 mm thick) was applied to

the outside of the balloon before vacuum sealing. The addition of this coating was

needed to provide further oxygen barrier after a change in balloon type caused several

consecutive deformable gels to show signs of significant oxygen contamination.

5.2.1 Dose Response Tests

Four deformable gels were irradiated to determine the dose response of the dosimeter.

Three gels were irradiated with calibration plans to measure the dose response over

a wide range of doses and one gel was irradiated uniformly to determine the spatial

uniformity of the dose response.

Treatment Planning and Irradiation

The calibration irradiation plan, figure 5.1a, was designed using the ECLIPSE R© treat-

ment planning system (Varian Medical Systems, Palo Alto, CA, version 11.0.47) and

consisted of three 3 x 6 cm2 fields at gantry angles of 45◦, 270◦ and 315◦; this plan

is based on previous work and designed to cover a full range of doses up to approxi-

mately 27 Gy [1, 119]. The third calibration gel, to be used for dosimetric analysis,

was irradiated with an identical irradiation pattern, but with lower beam weighting

so that the maximum dose was only 20 Gy. The lower dose plan was delivered to

better visualize the dose response in the optimal dose range of the gel dosimeter.
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The dose for these plans was also calculated using the Vancouver Island Monte Carlo

(VIMC) system, which has been thoroughly validated for the calculation of complex

dose deliveries, for comparison with measured gel dose [165]. In these calculations the

Monte Carlo dose was calculated as the dose to water with a statistical uncertainty

of 0.5%.

For the delivery of the calibration plans, the gels were setup in a 1 L plastic jar

(Modus Medical Devices, London, ON, Canada) with the end removed and fit into an

acrylic base that has been previously used and validated for the reproducible setup

of gel dosimeters [164] and as can be seen in figure 5.2a.

(a) (b)

Figure 5.1: The treatment plan beam arrangement for the (a) calibration plan and
(b) uniform irradiation calculated in ECLIPSE R© shown with a colour dose wash.

To test the spatial uniformity of the dose response another gel was irradiated

using a volumetric modulated arc therapy (VMAT) plan optimized in ECLIPSE R©

to deliver a uniform dose throughout the gel dosimeter. This plan had less than 3%

dose variation throughout the dosimeter from the mean dose of approximately 15 Gy

and as shown in figure 5.1b. For the uniform irradiation the gel was placed inside an

anthropomorphic head and neck phantom filled with water to provide buildup and

facilitate the delivery of the uniform dose distribution.

X-ray CT Imaging, Image Processing and Calibration

For dose response tests, the deformable gels were read out using the Optima CT580

multi-slice CT scanner described in section 3.5. The procedures and imaging param-

eters for the read out and background scans of gels used in this work are outlined in

section 3.5.2.
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(a) (b)

Figure 5.2: (a) Deformable gel dosimeter setup in 1 L plastic jar for irradiation and
CT imaging and (b) an acrylic piston attached to a linear stage which is driven by a
two-phase stepper motor for deformation of the gel in the axial direction.

Image processing and dose calibration was performed in same manner as in Chap-

ter 4 and as initally described in section 3.6. The measured gel doses shown in this

work were calibrated using the self-calibration method used in Chapter 4, a technique

which eliminates any error introduced by differences between different gel batches.

5.2.2 Deformation Tests

For setup positioning and deformation tests, the wax beads were used to track the

position of the gel dosimeter and its deformed states. A volumetric CT scan of the

gel was taken using the same scanning parameters as the dose response tests (without

image averages). Bead positions were determined by setting a CT number threshold

on the images and finding the centre of mass of the voxels that fell below the set

threshold. All analysis of bead positions was performed using MATLAB R© (version

2014b, The Mathworks, MA, USA).

Deformation Apparatus

Gels were setup as for the calibration irradiations (figure 5.2a). The gels were de-

formed in the superior-inferior direction using an acrylic piston driven by a stepper

motor as outlined in section 3.2.2 and as can be seen in figure 5.2b.
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Setup Tests

Due to the potential for a balloon confined gel to deform between irradiation and

CT readout the reproducibility of gel positioning during setup was determined by

analyzing the position of wax beads within a single gel over a series of 10 intra-

day and 8 inter-day CT setups. Intra-day setups were all performed in one CT

scanning session and in-between each image acquisition the gel was removed from the

acrylic base and the base removed from the CT couch and both were re-setup for

the subsequent measurement. The inter-day measurements were taken over a series

of days with the entire setup apparatus and gel transported back and forth between

the gel lab and the CT scanner. The inter-day measurements include uncertainty

added from this transportation as well as uncertainty in laser and couch positions on

a day-to-day basis. A set of control measurements was also taken where there was

no movement of the gel or setup apparatus between scans and where the CT couch

was shifted by a known amount between scans. The position of each bead within the

gel was determined for every setup and the average shift of these beads determined

the positional shift of the gel for each setup. A reproducible setup is crucial for the

accurate comparison of dose read out in CT images to calculated dose and for effective

artifact removal in background image subtraction.

Limits of Deformation

The limits of dosimeter deformation were tested by tracking the positions of wax beads

throughout a single gel at various levels of deformation and tracking the positions of

these beads once the gel had relaxed back to the undeformed state. The deformation

tests determine how much the gel is able to relax for a given amount of deformation

as well as give an indication of the average internal deformation within the gel for a

given compression. Gel deformation measurements were performed for compressions

between 15 mm and 30 mm.

Deformation Reproducibility

The reproducibility of the gel deformation was measured by comparing the positions of

wax beads within a single gel in both relaxed and deformed states over 100 consecutive

deformations. This was tested for compressions of 15 mm, 20 mm and 25 mm.
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5.3 Results

5.3.1 Dose Response Tests

Dose Calibration

Figure 5.3a displays calibration data for two deformable gels irradiated with a cali-

bration pattern as described in section 5.2.2; one with a maximum delivered dose of

27 Gy and one with a maximum delivered dose of 20 Gy. The dose response starts

to decrease, becoming flatter for doses greater than 20 Gy and thus to maximize

dose resolution a gel irradiated to a maximum dose of 20 Gy was used for dosimetric

analysis. The fitted calibration curve as well as the binned CT values with measured

uncertainty used in the curve fitting process are shown in figure 5.3a; an inset mag-

nifies a portion of the curve to illustrate the uncertainty observed in the CT data. In

figure 5.3b the fitted calibration curves are shown for all three deformable gels and

compared to the average calibration curve for a non-deformable dosimetry system

determined by Maynard et al. [1] using the same gel recipe. Note that the gels ana-

lyzed in the non-deformable study were fabricated using a different lot of NIPAM and

changes in the lot of NIPAM can have significant effects on the overall dose response

[1]. It is also possible that the increase in THPC concentration could have some

effect on the dose response [94], although this is expected to be minor for the range

of THPC concentrations used here. Overall there is consistency in the dose response

between the three deformable gels, and when comparing the deformable gels to the

non-deformable system. Most importantly there does not appear to be a significant

drop in the dose response of the deformable system due to oxygen contamination; the

oxygen barrier employed in this system appears to be as effective as that which is

employed in the non-deformable system.

Figure 5.4 shows the dose difference and gamma analysis for a single slice within

the 20 Gy gel dosimeter. Overall good dosimetric agreement is observed in the low-

dose gradient regions of the gel with larger errors, up to 1.4 Gy, in some of the

high-dose gradient regions near the edge of the calibration fields. These dosimetric

errors in the high-dose gradient region, however, do not fail the gamma criterion.

The mean relative dose difference for this gel was 1.5% and the gamma pass rate

was 97.9% when using a 3%/3mm criterion with a dose difference calculated using

global normalization and a 10% dose threshold. These results are an improvement to

those seen for non-deformable gels when using self-calibration [1], likely due to using
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(a) (b)

Figure 5.3: (a) Dose response curves for two deformable gels with maximum delivered
doses of 27 Gy and 20 Gy including all points used in the calibration and an inset
figure showing an enlarged section of the plot with some data points removed to more
clearly illustrate the uncertainty in the CT data, and (b) dose response curves of
three deformable gels compared to the average dose response curve of non-deformable
gels from a previous reproducibility study [1]. Confidence bounds based on the fitting
parameters have been added to the curves for deformable gel 3 and the non-deformable
average to give an example of the uncertainty on these fits.

a lower maximum dose of 20 Gy as recommended in that work.

Figure 5.5 shows the dose difference as a function of the dose delivered for every

point within the self-calibrated dosimeter when compared to the Monte Carlo calcu-

lated dose. In figure 5.5a the standard deviation in the absolute dose difference error

is consistently at approximately 0.5 Gy across all dose levels and again these results

are comparable to those seen in the non-deformable dosimetry system.

Dose Uniformity

The results of the uniform irradiation of the gel dosimeter can be seen in figure 5.6,

showing the uniformity of the dose response in a single slice in figures 5.6a and 5.6b

and the dose uniformity in successive slices in the axial direction in figure 5.6c.

In the single slice of the dosimeter there is still some noise from the inherent struc-

ture of the gel [166, 167]. This type of noise is typically reduced by a remnant artifact

removal filter [117], but persists to some degree in filtered gel images. Accounting

for this inherent noise, there appears to be no overall spatial dependence of the dose

response. There is, however, a decrease in CT number near the edge of the dosimeter

over the entire circumference of the gel in figure 5.6a. The decrease in CT number
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(a) (b)

Figure 5.4: (a) Dose difference map comparing deformable gel measured dose to
Monte Carlo calculated dose and (b) Gamma index comparison using 3%/3mm cri-
teria (global normalization) and 10% dose threshold.

can also be observed in the profiles in figure 5.6b and appears to have a magnitude

of approximately 1 HU. It should be noted that the increase in CT number in the

posterior region of the gel in figure 5.6a and in the vertical profile in figure 5.6b is

due to a slight misalignment of the pre- and post-irradiation scans of this gel creating

an artifact during background subtraction; it is not a characteristic of the uniformity

of the dose response and is not present when the edges of the gel in the images are

properly aligned. A drop in CT number near the edges of a gel has been seen in

x-ray CT gel dosimetry in non-deformable systems and it has been suggested it may

be related to temperature gradients during the cooling and storage of the dosimeter

[1, 121, 172]. This drop in CT number could also be related to alignment of the

gel between pre- and post-irradiation CT scans as any mismatch in these scans will

lead to a change in CT number at the air-gel boundary related to the background

subtraction of the gel images. It is also possible that this drop is related to oxygen

contamination near the edge of the gel which would cause a decrease in dose response.

Even if this edge effect remains uncorrected, this system has a spatially stable dose

response in the axial plane within 0.5 HU over a diameter of approximately 65 mm.

Moving along the length of the dosimeter in the axial direction, figure 5.6c displays

a spatially uniform dose response. There is a significant decrease in the gel response

over the initial 10 mm of the dosimeter near the stem of the balloon where the diameter

shrinks and edge effects begin to compromise the centre of the gel. Beyond this initial

portion of the dosimeter, the average CT number of 75% of slices fall in a 0.5 HU
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(a) (b)

Figure 5.5: Comparison of deformable measured gel dose to Monte Carlo calculated
dose using (a) absolute dose difference in each voxel plotted as a function of dose
delivered and (b) relative local dose difference as a function of dose delivered. Data
points have also been binned into 1 Gy bins and overlaid onto these plots.

range and all slices are in a 0.8 HU range. There is an increase of approximately

0.4 HU in CT number moving along the length of the gel which is consistent with a

vertical dose response effect seen with this type of gel dosimeter [1]. The vertical dose

effect is relevant in this case as these deformable gels were allowed to set vertically,

with the stem at the top. Overall there is an 80 mm range in the axial direction over

which there is a spatial stability in the dose response for this deformable dosimeter.

5.3.2 Deformation Tests

In the following section the X,Y and Z directions are defined as the left-right, anterior-

posterior and superior-inferior directions, respectively. Gels were compressed in the

superior-inferior direction.

Setup Tests

The control measurements of the deformable gel and apparatus are shown in table

5.1. In the measurements where there is no gel movement between scans there is

uncertainty in the wax bead position due to variation in which CT voxels fall below

the CT number threshold that are used to determine bead positions. However this

uncertainty is less than 0.05 mm in any direction and less than 0.1 mm overall. When

a known couch shift was introduced between scans the bead measured movement was
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(a) (b)

(c)

Figure 5.6: (a) A map of the change in CT number in a single slice of a deformable gel
that has been uniformly irradiated with (b) horizontal and vertical profiles through
this slice and (c) the average change in CT number in a region of interest at the centre
of each slice of the gel with the stem of the balloon at 0 mm .

within 0.1 mm of the expected movement except in two instances, and in these cases

the measured movements were within 0.15 mm of the expected result.

In table 5.2 the results of the intra-gel and inter-gel setup measurements are pre-

sented. For intra-day setups the results show that repeated set-up of this deformable

gel dosimetry system within a single session is highly reproducible, with maximum

uncertainty in gel position of <0.5 mm. When moving to an inter-day setup the

positioning errors increase, however, even the least accurate setup of all 18 inter- and

intra-day setups maintains sub-millimetre accuracy. Results also demonstrate there is

no preferential direction for setup errors with this apparatus as the magnitude of the

errors is similar in all directions. Figure 5.7 shows the positions of wax beads within

the dosimeter for four representative inter-day setups. From these images it can be
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seen that the differences in bead positions are not entirely based on identical shifts

from every bead; some beads move more or less than others, indicating deformations

of the gel or uncertainty in bead position. Note that these potential deformations

were minor and there are no major deviations for any beads in these setups. Based

on these results the set-up for CT imaging of this dosimetry system is highly re-

producible, within 1 mm for all measurements, and despite a flexible container the

dosimeter is stable over a large number of individual setups and imaging sessions.

Table 5.1: Average shift of wax beads within a deformable gel when the couch is
shifted a known amount. A control measurement was also taken, measuring the
average change in bead position with no movement of the gel between CT scans.

X shift Y shift Z shift 3D shift
(mm) (mm) (mm) (mm)

1 mm Y couch shift 0.00 ± 0.01 0.94 ± 0.03 0.02 ± 0.02 0.96 ± 0.03
2 mm Y couch shift 0.05 ± 0.02 1.86 ± 0.08 0.06 ± 0.10 1.97 ± 0.09
1 mm Z couch shift 0.04 ± 0.02 0.13 ± 0.05 0.92 ± 0.12 1.04 ± 0.11
2 mm Z couch shift 0.00 ± 0.02 0.10 ± 0.02 1.98 ± 0.08 2.00 ± 0.08
No gel movement 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.09 ± 0.01

Table 5.2: Average and maximum shift of wax beads within a deformable gel over 10
intra-day and 8 inter-day setups on the CT couch.

X shift Y shift Z shift 3D shift
(mm) (mm) (mm) (mm)

Average intra-day 0.12 ± 0.03 0.15 ± 0.03 0.08 ± 0.02 0.32 ± 0.04
setup error
Maximum intra-day 0.24 0.21 0.17 0.48
setup error
Average inter-day 0.25 ± 0.05 0.19 ± 0.04 0.23 ± 0.06 0.81 ± 0.04
setup error
Maximum inter-day 0.46 0.28 0.54 0.99
setup error

Limits of Deformation

Figure 5.8a shows the effect of different levels of external compression by the piston

in the axial direction on the wax bead positions within the gel. As expected, larger

external compressions create larger bead shifts and the majority of bead motion is in
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(a) (b)

Figure 5.7: (a) Scatter plot showing positions of wax beads within a deformable gel in
the XY-plane for four different inter-day setups and (b) the same wax bead positions
shown in the YZ-plane.

the direction of the piston movement. This primary bead shift in the Z-direction can

be seen for a 15 mm external compression in figure 5.9b. There is also significant bead

motion in the X and Y directions, the plane perpendicular to the piston compression,

showing that there is deformation occurring as the gel expands outward when it is

compressed. A visual representation of this effect can be observed in figure 5.9a.

Overall there are significant deformations within the gel dosimeter when compressed

by the piston, up to 13 mm, on average, in the direction of compression and up to 4

mm in plane perpendicular to compression.

Figure 5.8b shows the average bead displacement from the original gel state for the

same compressions as in figure 5.8a after the piston is pulled back and the compression

is removed. The beads return to, on average, within 0.4 mm of the original position

for all levels of external deformation. Figures 5.9c and 5.9d show the positions of

wax beads in their original position and after the gel has been released from a 15 mm

external compression. For this compression, the majority of beads return to their

original position with only a small number of beads showing significant deviation. In

figure 5.8b there is a small, less than 0.2 mm, increase in the bead displacement as

the external compression size increases from 15 mm to 30 mm. These results show

that there is not a significant lasting effect on the deformable gel when compressed

up to 30 mm externally and it is possible to achieve average internal deformations of

up to 13 mm with the gel returning to its initial state afterwards.
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(a) (b)

Figure 5.8: (a) Average bead shift from setup position within the deformable dosime-
ter when it is externally compressed in the Z-direction and (b) the average bead shift
from the original setup position after the compression is removed.

Deformation Reproducibility

In figure 5.10a the average shift in bead position from the original gel state is shown

over 100 consecutive external compressions of 15 mm. The gel deformations are

shown to be consistent as the positions of the beads in the deformed state are, on

average, less than 0.3 mm apart when comparing the first and 100th gel compression.

In figure 5.10b, however, the same cannot be said of the gel when it is released

from compression. There is a clear and steady increase in the deviation of the bead

positions as the number of deformations increases. It should be noted that these

deviations are not driven primarily by motion in the direction of compression and

that the majority of bead movement in this case is in the X and Y directions. This

movement can be seen in figure 5.11, which shows the progression of the wax beads’

positions in the relaxed gel states over 100 consecutive deformations. From these plots

it is clear that the bead movement in the relaxed states is caused by an increasing

rotation of the gel dosimeter rather than a permanent deformation of the gel from

repeated deformations. There is some lasting effect in the Z direction caused by the

repeated deformations but is limited to 0.5 mm over 100 compressions. Figures 5.10c

and 5.10d show more reproducibility results for external compressions of 20 mm and

25 mm over 25 consecutive deformations. At these levels of external compression

there are similar results to those seen with 15 mm of compression. Overall there

was excellent reproducibility in gel deformations, with some permanent compression

effects seen in the relaxed state of the gel and an issue with rotation of the gel as the
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(a) (b)

(c) (d)

Figure 5.9: (a) Scatter plots showing the original and deformed positions of wax beads
within a gel in the XY-plane when compressed externally by 15 mm, (b) the same
wax beads positions shown in the YZ-plane, (c) the positions of wax beads within a
gel in the XY-plane before and after a 15 mm external compression, and (d) the same
wax beads positions shown in the YZ-plane.
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number of deformations increased.

(a) (b)

(c) (d)

Figure 5.10: (a) Average bead shift from setup position within the deformable dosime-
ter when it is externally compressed 15 mm in the Z-direction over 100 consecutive
deformations and the average bead shift from the original setup position after the gel
is released for external compressions of (a) 15 mm, (b) 20 mm and (c) 25 mm.

5.4 Discussion

5.4.1 Dose Response

There are two major differences in the dose response between the deformable and

non-deformable dosimetry systems. The first is the slope of the dose response curve

in the linear region between 5 and 20 Gy, which is steeper for the deformable gels, and

the second is that the dose response starts to flatten out earlier for the deformable
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(a) (b)

(c) (d)

Figure 5.11: Scatter plots comparing the positions of wax beads within a deformable
gel in the XY-plane before and after (a) 15, (b) 25, (c) 50, and (d) 100 external
compressions of 15 mm.
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system, especially for doses above 25 Gy. This flattening of the dose response at

higher doses limits the optimal dose range of the dosimeter, at higher doses small

changes in CT number can lead to large changes in the calibrated dose. The dose

response at higher doses was also an issue in the non-deformable system, with the

flatter dose response of the deformable dosimeter this issue is more pronounced for

this system and is why a gel irradiated to a maximum dose of 20 Gy was used for

dose analysis in this work.

The differences between these two systems has several potential causes, with the

most likely being a different lot of NIPAM used. Changing chemical lots of NIPAM

specifically has been shown to have significant impacts on the dose response of x-ray

CT gel dosimetry [1]. Another potential factor is the increase in the concentration of

THPC used for the non-deformable system; although this has been shown to decrease

the slope of dose response curves, it should not be significant over the range of THPC

concentrations used here [94]. Finally, the dose delivered to the gels, approximately 1

Gy, in pre-irradiation scans that are now required for background subtraction could

contribute to the flattened dose response at higher doses for the deformable system.

Overall for the best results, careful control of NIPAM used in calibration is critical

and it is likely necessary to deliver no more than 20 Gy to this dosimeter to remain

in its optimal dosimetric range.

The spatial uniformity of the dose response was limited by issues for points within

20 mm of the edge of the deformable dosimeter. Johnston et al. [121] found a

difference of between 2 HU and 7 HU between the centre and edge of an active but

unirradiated non-deformable gel in a jar 10 cm in diameter; these issues similarly

affected the outer 20 to 25 mm of the dosimeter. This effect decreased for slices near

the bottom of the gel container. In this work the decrease near the edges was found to

be only 1 HU, however, the deformable gels are smaller in volume and diameter, and

have a different cooling history than the gels produced in the non-deformable system.

For this system, removal of the outer 20 mm of the gel from calibration and dosimetric

evaluation limits the usable volume of the dosimeter but is effective in eliminating

calibration errors. Due to this limitation it would be impossible to perform surface

dosimetry or dosimetry on volumes with a diameter larger than 65 mm without the

use of a larger container. Further study is required to eliminate or attempt to further

mitigate this limitation of the dosimetry system so that full dosimetric use of the gel

volume is possible.
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5.4.2 Setup Reproducibility

The positions of wax beads within the gel dosimeter showed good agreement with

their predicted positions when shifted a known amount on the couch. Also, when

there was no movement of the gel the average perceived movement of the beads based

on CT scans was less than 0.1 mm. Given potential uncertainty in the couch position,

uncertainty introduced by the CT scan, and uncertainty in tracking bead positions,

these results show the positions of beads within the gel can be accurately tracked in

CT scans and the beads can be used to determine shifts and deformations of the gel

dosimeter.

The setup errors determined for this deformable dosimetry system are comparable

to those found when tracking fiducial markers within other deformable dosimetry

systems. For example, Franich et al. [159] found mean setup errors of 0.53 mm,

0.44 mm and 0.15 mm in the AP, LR and SI directions with the optically read out

DEFGEL system compared to 0.19 mm, 0.25 mm, and 0.23 mm, respectively, for this

system. Yeo et al. [157] found a mean 3D setup error of 0.23 mm with a maximum

setup error of 0.99 mm compared to 0.81 mm and 0.99 mm, respectively, in this work.

5.4.3 Deformation Limits and Reproducibility

For a single external compression of the gel up to 30 mm, no large permanent defor-

mations to the gel dosimeter occured as the mean bead position shift was less than

0.2 mm from its original position in all directions. This deviation would not be de-

tectable in a dosimetry measurement based on CT voxel size and setup limitations

of the system. The limitation in this case was in the strength of the apparatus setup

and compressibility limit of the gel as the whole system began to flex and bend when

compressions beyond 30 mm were attempted. This 30 mm compression limit puts

the deformations of this system within the range of intrafraction and interfraction

motion of many organs [19].

In terms of deformation reproducibility, in the direction of compression the marker

deviation from original position was less than 0.3 mm for up to 30 consecutive com-

pressions and less than 0.5 mm for up to 100 consecutive compressions. The overall

size of the external compression did not appear to affect these results. In directions

perpendicular to compression the marker shifts were larger, but this was attributed to

a rotation of the gel under compression rather than permanent deformations caused

by the compressions. Franich et al. [159] found deformation errors up to 0.25 mm,
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0.38 mm and 1.8 mm in the AP, LR and SI directions, respectively, over 30 defor-

mation cycles compared to 0.45 mm, 0.41 mm and 0.29 mm in this work. Yeo et al.

[157] found mean 3D deviations in deformation reproducibility up to 0.25 mm over

50 consecutive deformations compared to 1.1 mm in this work.

5.4.4 Summary

There are several other deformable dosimetry systems that are currently in develop-

ment or currently being used. DEFGEL [157] is a polymer gel; Presage-Def [158]

and FlexyDos [72] are radiochromic leuco dye based systems, and all three are read

out using optical CT imaging. A methacrylic acid based gel dosimeter using MRI

readout [156] has also been developed and used to measure deformable dose. These

dosimeters all vary slightly in their composition, but each one certainly exceeds the

dose resolution of the x-ray CT read out dosimeter described in this work and they

can be used at much lower dose ranges whereas this system cannot. However, it has

been shown that accurate measurement of higher doses, up to 20 Gy, is possible with

this system which makes it ideal for measuring the delivery of multiple fractions or

high dose fractionation schemes such as stereotactic body radiation therapy (SBRT).

Also, the use of an accessible, existing imaging modality that is integrated into the

clinical treatment process as is the case with x-ray CT not only removes a layer of

uncertainty in the dose measurement process, but makes its clinical utility more ap-

pealing. Overall this deformable dosimetry system has produced excellent dosimetric

and deformation results and its unique read out technique gives the system potential

for use in unique clinical applications.

5.5 Conclusion

This work introduces a deformable x-ray CT polymer gel dosimetry system. The dose

response of the deformable system was similar to a previous non-deformable dosimetry

system indicating a successful transition to a deformable gel container with no effects

from oxygen contamination on the overall dose calibration. It is however possible

that oxygen contamination may have contributed to a drop in dose response near

the edge of the gel container. When compared to a Monte Carlo dose calculation,

a self-calibrated deformable gel had a mean dose difference of 1.5% relative to the

maximum delivered dose of 20 Gy and a gamma pass rate of 97.9% using a 3%/3mm
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criterion. The deformable dosimeter showed good overall spatial dose uniformity

throughout the dosimeter with some discrepancies near the edges. Fiducial markers

were able to accurately track shifts and deformations within the dosimeter and it was

determined that the deformable dosimetry system was able to achieve sub-millimetre

setup accuracy on the CT couch. The dosimeter was found to resist any permanent

damage when externally compressed by up to 30 mm, with these compressions causing

average internal deformations of 13 mm. Finally, the deformable dosimeter was shown

to deform and relax in a reproducible manner over 100 consecutive deformations.

In summary, a new x-ray CT polymer gel deformable dosimetry system has been

developed with characteristics suitable for clinical application to the validation of

deformable dose for high dose treatments such as SBRT.
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Chapter 6

Results and Discussion III:

Evaluation of a Deformable Dose

Accumulation Algorithm

6.1 Introduction

As was described in Chapter 5 a number of deformable dosimeters have been devel-

oped and some of these systems have moved towards preliminary clinical applications,

evaluating the results of deformable dose accumulation algorithms and deformable im-

age registration (DIR) algorithms [156, 158, 160, 161]. This chapter will present the

results of a comparison of dose measured by the deformable dosimeter introduced in

the previous chapter and dose calculated by a novel deformable dose accumulation

algorithm, defDOSXYZ, developed by Dr. Emily Heath of the Carleton Laboratory

for Radiotherapy Physics at Carleton University [30]. This is also the first example of

warped dose measured using an x-ray CT read out gel dosimetry system. In chapter

4, the accuracy and precision of dose measurements made with this type of dosimetry

system were established and in chapter 5 this system was extended to allow for de-

formable dose measurements including an initial characterisation. In this work, the

correspondence between the dose distribution measured with the deformable gel and

the dose distribution calculated with defDOSXYZ was studied.

In this chapter dose comparisons between the deformable gel and defDOSXYZ are

initially performed in a static case to provide a control measurement and to evaluate

the results without the added uncertainty of an applied deformation. Following these
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results is a comparison of warped dose calculated by defDOSXYZ and dose measured

by a deforming gel. Possible error sources are discussed and suggestions for improve-

ment are proposed. An article reporting on the work in this chapter is currently

in preperation. Section 6.2 will provide detailed experimental procedures specific to

these measurements, section 6.3 presents the results of these experiments, section

6.4 discusses the significance of these results and their relation to other deformable

dosimetry systems and section 6.5 summarizes the conclusions of this work.

6.2 Materials and Methods

In the following sections the X, Y and Z directions are defined as the left-right,

anterior-posterior and superior-inferior directions, respectively. Gels were compressed

in the superior-inferior, or Z, direction.

6.2.1 Gel Fabrication

Deformable gels were fabricated and stored as described in section 5.2.1 and an ex-

ample of one of these dosimeters can be seen in figure 3.1. Wax beads, approximately

3 mm in diameter, were added to these gels to evaluate gel deformation and setup,

as well as to provide guidance for the DIR algorithm to register the gel image sets.

As with previous deformable gels, no blank gels were made as the deformable gels

were imaged prior to irradiation to allow for background subtraction. For these ex-

periments three deformable gels were made: two as control gels for static deliveries

and one for deformable measurements.

6.2.2 Treatment Planning and Irradiation

All gels were irradiated with a treatment plan calculated in ECLIPSE R© which con-

sisted of a single 3.5 × 5 cm2 open field at a gantry angle of 270◦. Both secondary

collimators for this field were set up with one jaw at isocentre to create an asymmetri-

cal field. This plan and collimator configuration was chosen to provide a simple dose

distribution to more easily evaluate and visualize the deformed dose distribution and

to maximize the dose gradient at one edge of the delivered dose field. The maximum

dose in the single field plan was 20 Gy as recommended in sections 4.4.4 and 5.4.4 to

minimize any dose saturation effect while still producing a significant dose response
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(a)

(b)

Figure 6.1: (a) For static measurements, first a background scan of the gel was
acquired, then it was irradiated and read out in an uncompressed state to serve as a
control measurement. (b) For the deforming measurement, first background scans of
the gel were acquired in the compressed and uncompressed state. The gel was then
irradiated in a compressed state, read out in an uncompressed state to measure the
deformed dose, and read out in a compressed state for calibration.
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[1, 184]. For the static measurements the gels were irradiated in an uncompressed

state and read out in the same uncompressed state as can be seen in figure 6.1a. The

deformable measurement was performed by irradiating the gel in a compressed state

and reading out the deformed dose in an uncompressed state as seen in figure 6.1b.

The treatment plans for irradiating compressed and uncompressed gels can be seen in

figure 6.2. Gels were setup in a 1 L plastic jar that fit into an acrylic base as described

in chapter 5 and as seen in figure 5.2a; this setup was shown to be reproducible with

sub-millimetre setup errors. For static measurements, the gels were simply set up in

the acrylic base phantom and irradiated. For the deformable measurement the gel

was compressed externally by 25 mm using an acrylic piston with the same procedure

for gel compression described in chapter 5; an image of a deformable gel compressed

in this manner can be seen in figure 6.3.

(a) (b)

Figure 6.2: Treatment plans calculated in ECLIPSE R© of the single-field plan deliv-
ered to deformable gels in (a) an uncompressed state and (b) a compressed state.
Dose distributions are shown for each plan in the XY (top), ZX (bottom left) and ZY
(bottom right) planes.
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Figure 6.3: A deformable gel setup on the CT scanner bed as it is compressed by the
acrylic piston connected to a stepper motor.

Figure 6.4: A simple diagram showing the process by which dose is warped from the
compressed gel state to the uncompressed gel state.
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6.2.3 Dose Calculation

Dose delivered to the gel dosimeter was calculated in multiple ways. For static mea-

surements dose was calculated using the TPS, as shown in figure 6.2a and also by

the Vancouver Island Monte Carlo (VIMC) system [165]. The dose calculation from

VIMC was calculated as dose to water with 0.5% statistical uncertainty in voxels

of size 2.5 × 2.5 × 2.5 mm3 and this dose was used to perform calibration of the

static gels. Dose was also calculated using defDOSXYZ so as to compare this dose

calculation algorithm to gel measured dose in the static case. Dose calculated using

defDOSXYZ had 0.5% statistical uncertainty and voxels of size 2 × 2 × 2.5 mm3.

For both VIMC and defDOSXYZ dose calculations the dose was resampled to 0.5 ×
0.5 × 2.5 mm3 to match the voxel size of gel measurements.

For the deforming measurement, dose was calculated by the TPS, VIMC and def-

DOSXYZ on the gel in the compressed state and then the dose was warped to the

uncompressed state by defDOSXYZ. This dose warping used deformation vectors ob-

tained using the commercial DIR algorithm Velocity AI (Velocity Medical Solutions,

Atlanta, GA, Version 3.2) [130]. Velocity AI was used to register the uncompressed

gel images to the compressed gel images using a structure-guided registration; this

process used wax bead locations within the gel images to guide the registration. The

accuracy of the registration was quantified using the target registration error, which

is a measure of the distance between actual and estimated positions of targets (wax

beads). For the gel deformation the target registration error in Velocity was found

to be 1.1 ± 0.6 mm. A simple diagram of the dose warping process can be seen in

figure 6.4. All defDOSXYZ dose calculations and DIR calculations were performed

by Dr. Emily Heath of the Carleton Laboratory for Radiotherapy Physics at Carleton

University [30].

6.2.4 CT Imaging

All gels were imaged using the procedures described in chapters 4 and 5 with pa-

rameters that have been optimized for x-ray CT gel dosimetry [121, 123]. For static

measurements the gels were imaged in the uncompressed state prior to irradiation

to acquire background images and imaged after irradiation for readout. For the de-

formable measurement the gel was imaged in both the compressed and uncompressed

state prior to irradiation to acquire background images; both of these image sets were

also needed to facilitate the DIR as seen in figure 6.4. After irradiation the gels were
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imaged in the compressed state for a calibration readout and imaged in the uncom-

pressed state for the deformed dose readout, as seen in figure 6.1b. It is expected that

the volumetric scan prior to irradiation with the static measurements would deposit 1

Gy of imaging dose and the two scans for the deforming measurement would deposit

2 Gy of imaging dose [124].

6.2.5 Image Processing and Calibration

Image processing of CT images prior to calibration was performed as described in

detail in Chapter 3. Due to the variability in dose response seen in deformable

gels, interbatch calibration was not possible and it was necessary to perform a self-

calibration for each dosimeter. Calibration was performed as described in previous

chapters using the VIMC calculated dose, however, due to the nature of the single

field plan that was delivered to the dosimeters in this work a gradient threshold was

not used during calibration as had been done in previous chapters. Removing areas

of high dose gradient from the calibration using this type of plan would have removed

large sections of data from the calibration and many dose levels in the optimal range

of the dosimeter would not have been represented. The outer 20 mm of the dosimeter

was removed from calibration and dosimetric data and is not displayed in any of the

results here; this was due issues with the uniformity of the dose response at the edge

of the gel as was previosuly discussed in Chapter 5. To ensure positioning agreement

between the gel measurement and dose calculation in these high-dose gradient regions,

the gel measurement data was shifted for calibration so that field edges matched. In

the case of the static measurements these shifts were no more than 1 mm.

For the deforming measurement the gel was irradiated in the compressed state,

deformed dose was read out in the uncompressed state, and calibration data was

read out in the compressed state. Due to a discrepancy in compression of the gel

between irradiation and readout, the planned and read out dose distributions in the

compressed state did not match. This can be seen in profiles comparing the gel

read out dose and VIMC calculated dose for the compressed gel in figure 6.5. The

compression of the gel has been slightly released between irradiation and readout

causing the dose profile across the field to shrink slightly as the field gets smaller in

this direction when the gel becomes less compressed. In order to calibrate this gel the

plan was shifted in the Y direction so that one edge of the profiles matched and could

provide data in the dose ranges covered by the edge of the field; the other edge of the
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field was removed from the calibration data. The plan was not shifted in the X or Z

direction as it was not necessary to match the field edges for calibration. Figure 6.6a

shows the shifted profiles with one edge of the field matched and figure 6.6b shows

an image of the gel measured data that was used for calibration with the mismatched

edge of the field removed.

Figure 6.5: Profiles in the Y direction comparing the compressed deformable gel mea-
surement used for calibration compared to VIMC dose calculated in the compressed
gel.

(a)

(b)

Figure 6.6: (a) Profiles in the Y direction comparing the compressed deformable gel
used for calibration compared to VIMC dose calculated in the compressed gel after
shifting the the calculated dose to align one edge of the profile and (b) a masked
image of the calculated dose that was used for calibration so as to only include the
matched field edge.
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6.3 Results

6.3.1 Static Dose Measurements

(a) (b)

Figure 6.7: (a) Dose response curves for two deformable gels calibrated using single
field plan and one deformable gel calibrated using a 3-field calibration plan as in
chapters 4 and 5. All points used in the calibration are included and an inset figure
showing an enlarged section of the plot with some data points removed to more clearly
illustrate the uncertainty in the CT data. (b) Dose response curves of the same three
deformable gels including confidence bounds that are based on the fitting parameters
to give an example of the uncertainty on these fits.

Figure 6.7 displays calibration data for the two static single-field gel measurements

as well as calibration data from a static deformable gel irradiated with a 3-field cal-

ibration plan from Chapter 5. In figure 6.7a these curves are shown with all binned

CT data points used in the fitting process for each curve and an inset shows an en-

larged portion of the curves to illustrate the uncertainty in the CT data. The same

curves without the CT data and including 95% confidence bounds are displayed in

figure 6.7b; the confidence bounds are based on uncertainty in the fitting parame-

ters (described in Chapter 3) and give a measure of the uncertainty on these fits.

These calibration results show that calibration using a single field without a gradient

threshold has been successful as the single-field calibration curves follow the same

general shape as the 3-field calibration curve. The inclusion of the high-dose gradient

region in this calibration method has caused an increase in uncertainty of the fit as

both the binned CT data in figure 6.7a and the confidence bounds in figure 6.7b are

spread wider for the single-field calibrations. There is also more variation in the dose

response between each gel than was seen in Chapter 4 with the non-deformable gels
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or in Chapter 5 using 3-field calibration plans on deformable gels. In figure 6.7, for

a given ∆NCT measured in two different deformable gels, the dose delivered differed

by up to 13% relative to the maximum dose. This large difference in dose response

lead to the requirement of self-calibration for each gel in these results rather than

interbatch or generic dose calibration.

(a) (b)

(c) (d)

(e) (f)

Figure 6.8: Gel measured dose in the (a) XY plane, (c) ZY plane and (e) ZX plane
and defDOSXYZ calculated dose (b) XY plane, (d) ZY plane and (f) ZX plane for a
static, single field delivery.

The calibrated dose for a static gel and the dose calculated by defDOSXYZ can
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(a) (b)

(c) (d)

(e) (f)

Figure 6.9: Dose comparisons of gel measurement and defDOSXYZ calculation for a
static, single field delivery. Dose is compared in the XY plane by (a) dose difference
and (b) gamma index, in the ZY plane by (c) dose difference and (d) gamma index,
and in the ZX plane by (e) dose difference and (f) gamma index. Gamma index was
calculated using a 3%/3mm criteria and 10% dose threshold.

be seen in figure 6.8 with the dose displayed in three different planes; these are the

same planes visible in figure 6.2. Figure 6.9 displays dose difference and gamma

index comparison of the measured and calculated dose in the same planes. Overall

there is good agreement between measured and calculated dose in these comparisons

with the largest dose difference discrepancies (up to 2.7 Gy) occuring near the field
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(a) (b)

Figure 6.10: Dose profiles comparing gel measurement and defDOSXYZ calculation
in the (a) Y and (b) Z directions for a single, static field delivery.

edges. These large dose differences could be the result of a small setup error or

field size difference because of the high dose gradient in these regions. When gamma

analysis is considered these dose differences do not generally lead to failing gamma

index values. The 3D gamma pass rates for this gel when compared to defDOSXYZ

was 94.5% when using a 3%/3 mm criterion and 93.3% when using a 3%/2 mm

criterion with a dose difference calculated using global normalization and a 10% dose

threshold. This is a slight decrease in gamma pass rate when compared to non-

deformable gels (98.2%) and deformable gels (97.9%) using a 3-field calibration and

a 3%/3 mm criterion as seen in previous chapters. Gamma pass rates with the high-

dose gradient regions removed dropped to 93.6% when using a 3%/3 mm criterion

and 91.2% when using a 3%/2 mm criterion indicating agreement between gel and

calculation was excellent in the high-dose gradient region. These results show that

matching of the field edges for calibration was succesful and did not have a negative

impact on the dose measurement in that region. In figure 6.10, dose profiles through

the centre of the gel comparing measurement and defDOSXYZ calculated dose are

displayed. These profiles show good agreement between measurement and calculation

with some differences in the low dose region outside the field and an apparent field

size discrepancy in the Z direction where the gel measured field is 0.5 mm smaller

than the calculated field. The low dose region differences in these profiles are below

the 10% dose threshold used for the gamma analysis and therefore do not contribute

any failing points. The field size difference led to some of the largest dose differences
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at the inferior edge of the gel, seen on the right side of figures 6.9c and 6.9e but did

not lead to failure of the gamma criterion.

6.3.2 Deforming Dose Measurements

The position of wax beads within the gel dosimeter in the uncompressed state before

and after irradiation are shown in figure 6.11. The first set of bead positions was

determined from the background scan on the day of irradiation, the gel was then

compressed and irradiated; the second set of bead positions is taken from the readout

scan which was performed on the uncompressed gel 24 hours post irradiation. Table

6.1 shows the mean bead displacement over all wax beads within this gel. In Chapter

5, the maximum inter-day setup error over 8 measurements was found to be 0.99

mm and the expected bead shift after a compression of 25 mm was found to be 0.3

± 0.3 mm. The results for bead positional error in this gel are higher than would

be expected from Chapter 5’s results but the increased error could be related to the

added transportation and setup required during the irradiation of this gel. The extra

transportation and setup of the dosimeter could increase the possibility of rotation

or skewing of the dosimeter within the plastic jar which can be difficult to correct

during setup.

(a) (b)

Figure 6.11: Bead positions within a deformable gel in an uncompressed state before
irradiation and after irradiation in the (a) ZY and (b) XY planes.

Figure 6.12 shows the position of wax beads within the gel dosimeter in the un-
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Table 6.1: Mean shift of wax beads within the deforming gel for pre- and post-
irradiation scans.

Mean Bead Standard
Displacement (mm) Deviation (mm)

X direction 0.34 0.25
Y direction 0.58 0.32
Z direction 1.47 0.83

3D Movement 1.75 0.63

(a) (b)

(c)

Figure 6.12: Bead positions within a deformable gel comparing uncompressed and
compressed states before irradiation in the (a) ZY, (b) ZX and (c) XY planes.
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compressed state and the compressed state just prior to irradiation and table 6.2

shows the mean displacement of these beads. The mean internal motion was almost

12 mm for the external compression of 25 mm which agrees with what was found for

this level of compression in Chapter 5.

Table 6.2: Mean shift of wax beads within the deforming gel between the uncom-
pressed and compressed state prior to irradiation.

Mean Bead Standard
Displacement (mm) Deviation (mm)

X direction 1.17 0.90
Y direction 3.90 2.66
Z direction 10.62 4.32

3D Movement 11.75 4.19

The calibration data for the deforming measurement can be seen in figure 6.13.

Figure 6.13a shows the calibration curve with all binned CT data used in the cal-

ibration and when compared to the data from figure 6.7a there is less data in the

mid-range doses because of the need to remove one edge of the field for this calibra-

tion. In figure 6.13b the calibration for the deforming gel is compared to a single-field

static calibration curve and a three-field calibration curve previously shown in figure

6.7b. Comparing the uncertainty and spread in the CT data between figures 6.7a and

6.13a the modified calibration method does not seem to have had an obvious impact

nor has it seem to have affected the confidence bounds of the fit in a drastic way.

Figure 6.14 shows dose calculated by the TPS as it was delivered to compressed

gel, and dose warped into the uncompressed gel by the gel measurement and the

defDOSXYZ calculation. These dose distributions are shown in the XY, ZY and

ZX planes. In the XY plane, the gel measurement shows the field narrowing in the

Y direction when the gel is released from compression, with more narrowing at the

centre of the gel than near the edges. This agrees with the bead motion seen in

figure 6.12c which shows beads with more motion in the Y direction at the centre

of the field than near the edges. The dose warping calculation appears to have less

narrowing of the field overall, but a larger difference between the centre and edges

of the gel. In the ZY plane, figures 6.14e and 6.14f show both a shift and expansion

of the dose field in the Z direction when the gel is released from compression. As

in figures 6.14b and 6.14c, the field can be seen narrowing in the Y direction as it

expands in the Z direction; defDOSXYZ shows more narrowing at the centre of the
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(a) (b)

Figure 6.13: (a) Dose response curve for a deformable gel in a compressed state
calibrated using a single field plan with one edge of the field aligned between gel
measurement and calculated dose. All points used in the calibration are included and
an inset figure showing an enlarged section of the plot with some data points removed
to more clearly illustrate the uncertainty in the CT data. (b) Dose response curves
from two static deformable gels previously shown in figure 6.7b compared to the
deforming calibration curve from figure (a). Confidence bounds have been included
that are based on the fitting parameters to give an example of the uncertainty on
these fits.

gel and less near the edges whereas the measurement shows a more uniform decrease

of the field size in the Y direction. The defDOSXYZ warped dose also shows more

expansion of the field in the Z direction than was measured by the gel and the field,

in general, is larger in the calculated warped dose distribution. Figure 6.15 displays

dose difference and gamma analysis comparing the gel measurement and warped dose

calculation in the same planes as shown in figure 6.14. As would be expected, there

are large dose differences where the gel measurement and defDOSXYZ disagree on

the shape of the field which also leads to the majority of points in these regions

failing gamma analysis. The regions with the highest percentage of failing points

are at the superior and inferior portions of the field in the Z direction where the

defDOSXYZ field extends well beyond the gel measured field. Apart from field shape

disagreements, in figure 6.15a and 6.15b there is a region on the right side of the gel

where the gel dose is higher than defDOSXYZ by up to 1.8 Gy leading to a large

number of points failing the gamma criteria. This difference indicates a sharper drop

off in dose with depth for defDOSXYZ compared to measurement. At the bottom of

figures 6.15e and 6.15f this disagreement at beam exit is shown to extend throughout

the gel in the Z direction. This was not observed in the static case which indicates
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6.14: Dose maps in the (a-c) XY plane, (d-f) ZY plane and (g-i) ZX plane.
Figures (a), (d) and (g) show dose calculated by the TPS in the compressed state,
figures (b), (e) and (h) show dose measured by the gel in the uncompressed state,
and figures (c), (f) and (i) show dose calculated by defDOSXYZ in the uncompressed
state.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.15: Dose comparisons of gel measured dose and defDOSXYZ deformed dose
in the uncompressed state of a gel that was irradiated in a compressed state. Dose
is compared in the XY plane by (a) dose difference and (b) gamma index, in the
ZY plane by (c) dose difference and (d) gamma index, and in the ZX plane by (e)
dose difference and (f) gamma index. Gamma index was calculated using a 3%/3mm
criteria and 10% dose threshold.



120

the difference was induced during the deformation of dose; a more compressed field

in the X direction would cause the depth dose to fall off more quickly so it is possible

that the defDOSXYZ calculation is predicting more compression of dose in X direction

than what is seen in measurement. Overall these differences between the defDOSXYZ

calculated and gel measured warped dose are significant as the 3D gamma pass rates

throughout the gel are 66.0% when using a 3%/3 mm criterion and 56.8% when using

a 3%/2 mm criterion which are considerably lower than what was seen for the control

measurement.

(a) (b)

Figure 6.16: Dose profiles in the (a) Y and (b) Z direction comparing gel measured
dose and defDOSXYZ deformed dose in the uncompressed state of a gel that was
irradiated a compressed state. The TPS profile is from a dose calculation on the gel
in the compressed state.

Figure 6.16 show profiles in the Y and Z direction through the centre of the gel

comparing the original TPS calculated dose as delivered to the compressed gel and

the warped dose calculated in defDOSXYZ and measured by the gel. In 6.16a the

deformation has caused the field to both shift and narrow from the original dose

distribution in both the gel and defDOSXYZ dose profiles. The profiles in figure

6.16b show a shift in the Z direction and an expansion of the field from the original

calculation with the defDOSXYZ profile displaying a larger shift and expansion than

the gel measurement. A comparison of the changes in field position and size from

these profiles can be seen in table 6.3. It should be noted that the centre of the gel is

where we see the largest disagreement between calculation and measurement in the Z

direction. The expansion of the field calculated by defDOSXYZ is not as large near

the edges of the gel and there is better agreement with the gel measurement.
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Table 6.3: Changes in profile position and width compared to the original dose cal-
culation as measured by the gel and calculated in defDOSXYZ through the centre of
the gel.

Gel Measured defDOSXYZ Difference
Profile Shift Profile Shift

Y-Profile 0.8 mm 0.5 mm 0.3 mm
Z-Profile 14.5 mm 15.3 mm 0.8 mm

Gel Measured defDOSXYZ Difference
Field Width Change Field Width Change

Y-Profile -3.7 mm -1.4 mm 2.3 mm
Z-Profile 8.9 mm 20.8 mm 11.9 mm

(a) (b)

Figure 6.17: Dose profiles in the Z direction from two different locations ((a) and
(b)) within the gel showing gel measured dose and defDOSXYZ deformed dose in the
uncompressed state of a gel that was irradiated in a compressed state overlaid with
the compressed and uncompressed z-coordinates of a wax bead near the orignal TPS
dose calculation field edge. From this data the movement of the edge of the field can
be compared with the movement of the bead.



122

In attempt to compare bead movement and the warping of the dose distribution

under deformation, figure 6.17 shows the position of beads in the compressed and

uncompressed state of the gel overlaid with dose profiles in vicinity of these beads.

Table 6.4 compares the movement of these beads from the compressed to uncom-

pressed state to the shift in the inferior edge of the profiles for both the gel measured

and defDOSXYZ calculated dose distributions. When compared to the original dose

calculation field edges, the gel measured field edges shifted 2.1 and 3.4 mm further

than the beads compared to 4.6 and 3.4 mm in the defDOSXYZ dose calculation.

Table 6.4: Inferior field edge shift from the original dose calculation as measured by
bead movement, measured in gel dose distribution and measured in defDOSXYZ.

Bead Gel Measured defDOSXYZ
Movement Field Edge Shift Field Edge Shift

Z-Profile 17.5 mm 19.6 mm 22.1 mm
Near Bead 1

Z-Profile 15 mm 18.4 mm 18.4 mm
Near Bead 2

6.4 Discussion

6.4.1 Static Dose Measurements

There is a difference in batch consistency between the non-deformable and deformable

dosimetry system that can be seen in figure 6.7b. Due to this difference in dose re-

sponse between gel batches for the deformable dosimeter, interbatch or generic cali-

bration is not possible as it was for the non-deformable system. In this work the gel

has been calibrated with itself, in essence creating a relative dose measurement for

the static case; other deformable dosimetry systems have generally used a single large

batch of dosimeter material using a portion for calibration and the remaining material

for test measurements [156–158]. One possible source of this interbatch inconsistency

is oxygen contamination. During the development of the dosimeter finding a de-

formable container, while keeping the oxygen level within the gel sufficiently low,

proved to be a challenge. As described in Chapter 5, it was necessary to increase the

amount of oxygen scavenger (THPC) added to the gel from 5 mM to 10 mM when

moving to the deformable system and in some cases the addition of additional oxygen
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barrier via PVC coating was required. Further investigation is required to determine

the exact cause of this interbach variability for the deformable system, as the ability

to calibrate between gel batches is a useful feature for a gel dosimetry system.

There are a handful of factors that must be considered when comparing the control

measurement for the single field plan to the results of the 3-field calibration of the

deformable dosimeter in chapter 5. The maximum dose error in the high dose gradient

region is higher (2.7 Gy in single-field compared to 1.4 Gy in 3-field) which can be

explained by an increase in dose gradient for the single field plan; in the 3-field

calibration plan dose gradients reach a maximum of only 3.5 Gy/mm compared to

nearly 6 Gy/mm for the single field plan. One must also consider that in the dose

calibration for the single field gel it was not possible to remove regions of high-dose

gradient. Comparing the calibration data for the 3-field plan to the single field plan

in figure 6.7a illustrates the effect of this change as there is an increase in the range

of CT number for a given delivered dose. In addition to this factor, in chapter 5

the deformable dosimeter was both calibrated and compared to VIMC calculated

dose whereas in the measurement in this work the gel is calibrated using VIMC but

compared to defDOSXYZ as it the dose calculation algorithm that is being evaluated.

Although the differences between VIMC and defDOSXYZ are small in the case of

static dose delivery its possible this could contribute to the decrease in gamma pass

rate in these results.

Overall the results from the static control measurement of this deformable dosime-

ter (94.5% gamma pass rate using a 3%/3mm criterion) are comparable to those found

for other deformable dosimetry systems. For example when using a 3%/3mm crite-

rion, Niu et al. [156] found gamma pass rates of 93.4% and 95.7% for two static

measurements of a 12-field plan delivered to a MRI read out deformable gel, Juang et

al. [158] found a gamma pass rate of 96.4% when delivering a checkerboard pattern

to a static Presage-Def deformable dosimeter, and Yeo et al. [160] found gamma pass

rates 99.9% and 96.1% using the optically read out DEFGEL when delivering a single

1 × 1 cm2 field and complex stereotactic treatment, respectively.

6.4.2 Deforming Dose Measurements

The warped dose distribution calculated by defDOSXYZ diverges significantly from

what is measured by the deforming gel and in general shows more warping of the dose

fields than what is measured by the gel. These differences are apparent from both the
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dose distributions shown in figure 6.14 and the drastic drop in gamma pass rate when

compared to the static measurement. Although there was a change in calibration

method between the static and deforming case it did not induce a large change in the

uncertainty of the calibration fit to the data and cannot account for the differences

between the dose warping calculation and gel measurement. The calculation and

measurement generally disagree on the shape of the field but where the fields do

overlap there is good agreement between measurement and calculation; the exception

to this is in the depth dose where differences in compression of the field in the X

direction may have caused disagreement.

The calculated and measured warped fields do seem to agree on the position of the

field as in both the Y and Z profiles displayed in figure 6.16 the gel and defDOSXYZ

agree within 1 mm on the shift of the field when released from compression. For the

changes in field size summarized in table 6.3, however, the measured and calculated

warped profiles show larger disagreements that fall outside the spatial accuracy of the

setup and deformation that was established in chapter 5. These values are significantly

different even when considering the increased position error that was found when

comparing the wax beads in the pre- and post-irradiation gel image sets in figure

6.11.

Juang et al. [158] found similar errors when comparing gel measurement and a dose

warping calculation with a maximum difference in field size of 14.0 mm compared to

11.9 mm in this work; they also found much larger field position errors with maximum

field shift of 9.0 mm compared to 0.8 mm in this work. Niu et al. [156], however

found excellent spatial agreement when comparing deformed gel measurement to the

MORFEUS deformable dose accumulation algorithm. By comparing isodose levels

in measurement and calculation they measured mean vector distances of 1.2 mm

between the two.

The agreement between defDOSXYZ and the gel measurement improved when in

close proximity to one of the wax beads inserted in the gel to track deformations and

used by the DIR algorithm to deform the gel images. In the two instances where a

wax bead fell near a dose field edge the predicted field edge locations by defDOSXYZ

were within 2.5 mm and 0.1 mm of the gel measured field edge. Although this is

a limited sample of data it suggests that the dose warping calculation may improve

with a more uniform distribution of trackers to provide better information to the DIR

algorithm.

Overall, this work found the deformable dose accumulation algorithm and de-
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formable gel dose measurement showed significant disagreement with a gamma pass

rate of 66.0% when using a 3%/3mm criterion and 56.8% when using a 3%/2 mm

criterion. Other deformable dose calculations have had varying degrees of success

when compared with deformable dose measurements. Niu et al. [156] found that

MORFEUS, a model-based deformable registration and dose accumulation algorithm,

found excellent agreement when comparing calculated warped dose to gel measure-

ment with a gamma pass rate of 96.9% using a 4.7%/3mm criterion. It should be

noted, however, that this dose comparison was limited to doses less than 50% of the

prescribed dose as oxygen contamination limited the usable region of the dosimeter.

Juang et al. [158] found a similar gamma pass rate to this work with 60.0% of points

passing using a 3%3mm criterion when comparing gel measured dose and dose warped

using the same commercial DIR algorithm, Velocity AI. Yeo et al. [160] evaluated

dose warping using 11 different DIR algorithms finding a wide range of gamma pass

rates with the best algorithm producing gamma pass rates (3%/3mm criterion) of

greater than 99% for simple plans and 95.8% for a dynamic stereotactic plan. They

also found that smaller deformations (9 mm) produced better results than larger (20

mm) deformations.

A possible source of error in the gel measurement is the increase in the estimated

imaging dose in the background scan of the deforming measurement (approximately

2 Gy) compared to the static measurement (approximately 1 Gy). The calibration

readout for the deforming measurement was performed on the same gel after the

imaging dose had been deposited so it should be factored into the calibration but

this could still have contributed to a change in the shape of the calibration curve.

By depositing extra dose prior to irradiation, one would expect the gel to approach

a saturation point at a lower dose, but it is not apparent that this has occurred by

examining the calibration curves in figure 6.13b. Baxter et al. [124] showed that a

volumetric scan of a gel using similar imaging protocols as in this work would induce

a ∆NCT of less than 0.2 HU, however that result is based on a gel recipe with a lower

dose sensitivity. Given the increased dose sensitivity of the gels in this work and the

potential need to take two volumetric scans of the gels prior to irradiation in this

deformable dosimetry protocol, this issue may need to be revisited.

Given the poor results here and in other works using Velocity AI with deformable

dosimeters [158, 161], it may be beneficial to use a different DIR algorithm to deform

the gel images which could improve dose warping in defDOSXYZ. A limited set of

results in this work, however, suggest that a more uniform distribution of markers, or
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markers strategically implanted near the dose field edge could improve results using

this DIR algorithm. A smaller compression of the gel could also lead to improved re-

sults as at this deformation level (25 mm) the calculation seemed to overestimate the

amount of warping the dose distribution would undergo. Although the comparison

between the deformable dose accumulation algorithm and deformable dose measure-

ment showed large disagreement this evaluation has provided valuable information on

potential avenues of improvement in the dose calculation method.

6.5 Conclusions

This work evaluates the performance of a novel deformable dose accumulation al-

gorithm, defDOSXYZ, against dose measured by a deformable x-ray CT polymer

gel dosimetry system. Agreement between gel measurement and defDOSXYZ in the

static case was excellent with gamma pass rates of 94.5% using a 3%/3 mm criterion

and 93.3% using a 3%/2 mm criterion. However, when comparing dose warped with

a 25 mm compression the gamma pass rates between the gel measurement and dose

warping calculation dropped to 66.0% and 56.8%, respectively. In general, the warped

dose distribution calculated by defDOSXYZ underwent larger changes to its shape

and size than was measured by the gel dosimeter. It was determined that in regions

near fiducial markers used to guide the deformable image registration there was better

agreement between measurement and calculation which suggests that providing more

contrast to the deformable image registration may improve results. This work has

also provided a preliminary example of the feasibility of measuring warped dose with

a dosimeter that is read out using x-ray CT imaging, an accessible imaging modality

that is integrated into the clinical treatment process.
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Chapter 7

Conclusions

The work presented in this dissertation investigated the advancement of an x-ray

CT polymer gel dosimetry system. Previous work with this system had focused on

the initial characterization of the system and with this work builds off those results

in an attempt to find its potential role in clinical applications including, primarily,

deformable dosimetry. The results are separated into three major parts: an evalua-

tion of the accuracy and precision of the dosimetry system with an investigation into

generic and interbatch calibration, the development of a deformable dosimetry sys-

tem, and the evaluation of a deformable dose accumulation algorithm using the new

deformable gel dosimetry system. This chapter will summarize the results presented

in this dissertation and discuss future work that could improve or expand on research

related to this system.

7.1 Summary of Results

In the first stage of this work, a reproducibility study of an established x-ray CT gel

dosimetry system was undertaken to determine the accuracy and precision of dose

measurements made using this dosimeter. In this study, there was careful control of

factors that could potentially affect dose response with the hope of making interbatch

or generic calibration possible. Four calibration methods were investigated for this

system: self-calibration, intragel calibration, average or generic calibration and a

”most-divergent” or interbatch calibration. When comparing gel measurements to

Monte Carlo dose calculation there was excellent agreement when using a generic

calibration curve with a mean dose error of 1.8%, mean distance-to-agreement (DTA)
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of 0.63 mm and mean gamma pass rate of 96.8% using a 3%3mm criterion. This

was only a small decrease in performance from the self-calibration method which

had a mean dose error of 1.6%, mean DTA of 0.61 mm and mean gamma pass rate

of 98.2%. The most divergent interbatch calibration saw the mean gamma pass

rate fall to 90.9% and a difference in dose response between the top and bottom

of the gel dosimeter dropped the mean gamma pass rate for intragel calibration to

76.6%. A dose dependent correction factor was developed to address the difference

in dose response between the top and bottom of the gel, improving the intragel

calibration mean pass rate to 96.8%. Other recommendations that emerged from this

work included the need for careful control of the age and chemical lot of NIPAM in

the manufacture of gel dosimeters, the limitations of using this system in low-dose

regions and an upper limit of 20-25 Gy for the optimal measurement range of this

system. The results of this reproducibility study were on par with other gel dosimetry

systems including those read out by MRI or optical-CT imaging [107, 155, 171, 174].

Given the excellent spatial accuracy and resolution of the measurements in this work

it suggests that this dosimetry system is ideally suited for the measurement high-

dose fractionation treatments such as SRS or SBRT. Overall, the work in this study

demonstrated the feasibility of interbatch and generic calibration in x-ray CT polymer

gel dosimetry and determined some benchmarks for the accuracy and precision of this

dosimetry system.

The second study in this dissertation was the development and characterization

of a deformable version of the x-ray CT polymer gel dosimetry system. This work

introduced the first 3D deformable dosimetry system based on x-ray CT polymer

gel dosimetry and established the setup reproducibility, deformation characteristics

and dose response of the system. The deformable dosimetry system used the same

gel recipe as the non-deformable system but needed a suitable container that would

provide the oxygen barrier necessary to allow for full polymerization and still allow

for the free deformation of the gel. The container for the deformable gels was a

large latex balloon with polyvinyl alcohol and low-density polyethylene serving as

additional oxygen barriers. Wax beads were also added to the gel as fiducial markers

to track the deformation and setup of the gels. To establish that the dose response of

this system did not change with the new container, it was irradiated in the same way as

in the reproducibility study of the non-deformable system. The new gel container and

setup was effective as an oxygen barrier as the dose response for the new system was

comparable to that of the non-deformable system with no apparent effects of oxygen
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contamination. Comparison of gel measurements with Monte Carlo dose calculations

found excellent dosimetric accuracy, similar to that of the non-deformable dosimetry

system, with a mean dose discrepancy of 1.5% in the low-dose gradient region and

a gamma pass rate of 97.9% using a 3%/3 mm criterion. To determine the spatial

uniformity of the dose response, a deformable gel was irradiated with a plan designed

to deliver a uniform dose throughout the gel. The deformable gel showed good overall

spatial dose uniformity with a decrease in response within 20 mm of the edge of the

container. Setup reproducibility of the system was measured via fiducial markers

within the gel that were tracked over 10 intra-day and 8 inter-day setups on the

CT scanner. From these measurements it was determined that sub-millimetre setup

accuracy was achievable with an average intra-day setup error of 0.32 ± 0.04 mm and

an average inter-day setup error of 0.81 ± 0.04 mm. Tracking these markers when

the gel was compressed and released from compression allowed for measurements

on the limits and reproducibility of gel deformation. Compressing a deformable gel

externally by up to 30 mm produced average position errors of the markers that

were less than 0.4 mm when released from compression. Compressing a gel over 50

consecutive compressions produced average marker position errors of approximately

1 mm, and a small rotation of the dosimeter led to marker position errors of up to

1.5 mm over 100 consecutive compressions. This study established several important

characteristics of the new deformable dosimetry system and set it up for use in the

evaluation of deformable dose accumulation algorithms.

The final component of this dissertation was the use of the deformable dosimetry

system to measure deforming dose and evaluate its measurements against a novel

deformable dose accumulation algorithm, defDOSXYZ. First, gel measurement and

defDOSXYZ were compared in a static case, with no deformation, to establish bench-

marks for the deformable dose measurements. In the static case there was excellent

agreement between measurement and calculation with a gamma pass rate of 94.5%

when using a 3%/3mm criterion and 93.3% when using a 3%/2 mm criterion. A

single-field plan was then delivered to a gel that was compressed externally by 25

mm which was then read out in the uncompressed state of the gel allowing the dose

distribution to deform within the dosimeter. This deformed dose measurement was

compared with dose warped by a commercial deformable image registration algorithm

and defDOSXYZ. The dose warped by defDOSXYZ underwent significantly more de-

formation that what was measured by the gel dosimeter, predicting expansions of

the field by up 20.8 mm compared to 8.9 mm measured by the gel. Gamma anal-
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ysis comparing dose warped by defDOSXYZ and that measured in the deformable

dosimeter found only 66.0% of points passing a 3%/3mm criterion and 56.8% passing

a 3%/2 mm criterion, a significant drop from the static comparison. These dosimetric

errors were well outside the uncertainty in gel dose measurements, gel setup and gel

deformations established in the first two studies of this dissertation. A limited set

of data in this study suggested that in regions near fiducial markers the agreement

between defDOSXYZ and gel measurement improved. This indicates that a better

distribution or strategic placement of fiducial markers may improve results. The re-

sults from these experiments provide useful information on improvements that could

be made in the deformable dose measurement and calculation and represent the first

measurement of deforming dose using an x-ray CT gel dosimetry system.

7.2 Future Work

Based on the results of this dissertation, there are clinical applications for which this

dosimetry system, both deformable and non-deformable, is equipped. These include

the measurement of high-dose fractionation schemes such as SRS and SBRT and the

evaluation of deformable dose accumulation algorithms. One issue that could hinder

the use of this system in certain clinical situations is the effect of lower dose response

near the edge of the gel container. This was an issue in both the non-deformable

and deformable systems and has also been seen in other gel dosimetry systems. It is

worth investigating whether storage and cooling of the dosimeter or oxygen contami-

nation near the edge of the container are potential causes of this effect and whether it

can be mitigated in any way. If mitigation of this effect is unsuccessful, a correction

factor could be calculated to recover the dosimetric information near the edge of the

container. This would require the irradiation of several dosimeters with a uniform

dose, as was performed for one gel in Chapter 5, to determine the average expected

drop off in dose response in order to generate a correction factor. One would need to

establish whether the correction would be uniform along the length of the gel, is dose

dependent, and whether it is affected by the shape of the container. An additional

benefit of this type of study would be the ability to calculate a correction factor for

the change in dose response at the top and bottom of the dosimeter. This was done

between two specific locations in the non-deformable dosimeter in Chapter 4, but

a set of uniform irradiations would allow for the calculation of a correction factor

along the entire length of the gel. A successful correction for dose measurements at
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the edge of gel dosimeters would allow for surface dosimetry measurements and dose

measurements at boundaries where there are large changes in density, both of which

are clinically relevant scenarios. In terms of advancement of the deformable dosimetry

system there are two major areas where improvements are possible. The first is the

issue of oxygen contamination which significantly affected the interbatch variability

of the dose response for the deformable dosimeters and made cross batch calibra-

tion impossible. The second was the distribution and placement of fiducial markers

within the gel which, if improved, could aid in the deformable image registration of

warped gel images and deformable dose calculations. One possible solution to both

of these problems could be the implementation of 3D printing in the gel fabrication

process. With 3D printing, a more oxygen impermeable container with a more con-

sistent oxygen barrier could be constructed and, with the use of dissolvable support

material, fiducial markers could be printed with the container to more strategically

place the markers. A 3D printed container could also allow for more anthropomorphic

dosimeters or facilitate the use of a deformable gel dosimeter in an anthropomorphic

phantom, creating more clinically relevant dose measurements. One can imagine the

ideal end goal of this area of research where an adaptive radiation therapy treatment

is required to pass an end-to-end test in which a deforming anthropomorphic phan-

tom containing one or more deformable gel dosimeters is irradiated. A deformable

dosimeter would be uniquely able to address this challenge and the dosimetry system

investigated in this dissertation is approaching the capability to make this type of

measurement.
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