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Abstract

Microbeam radiation therapy (MRT) is a pre-clinical type of radiation therapy
that uses an array of high-dose microbeams to treat solid tumours. An intense, quasi-
parallel synchrotron beam is collimated to create microbeams several 10s of um wide,
and separated by 100s of um. Animal studies over the past two decades have
demonstrated that the extreme spatial fractionation employed in MRT leads to an unusual
normal tissue sparing, while being effective for tumour palliation, and in some cases,
ablation.

This work considers both physical and biological questions remaining in MRT,
with a focus on preparation for MRT experimentation on the two BioMedical Imaging
and Therapy (BMIT) beamlines at the Canadian Light Source (CLS). A variety of
techniques and detectors were employed to investigate the geometric and relative
dosimetric characteristics of the 05B1-1 and 05ID-2 beamlines as a basis for further
dosimetry. The absolute air kerma rate on the 05B1-1 beamline was measured for several
beam qualities (monoenergetic and filtered polyenergetic x-ray beams) using a
cylindrical, variable-length free-air ionization chamber and Monte Carlo simulations
were carried out to determine correction factors. Air kerma rates between 4.5 mGy/s and
5.2 Gy/s were measured. Additionally, reference dosimetry was performed using a cavity
ionization chamber by applying a geometric correction based on the non-uniform beam
profile and the ion chamber response function in the broad synchrotron x-ray beam. This
allowed the determination of peak (at the most intense point in the beam) and mean air

kerma rates for several beam qualities, with a range from 1.9 ¢cGy/s to 1.9 Gy/s.
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The MRT dose distributions delivered by the 05ID-2 beamline were investigated
theoretically using the Monte Carlo package PENELOPE. This work demonstrated that
the 05ID-2 beamline has the necessary energy characteristics to provide the spatial
fractionation and penetration required for MRT experimentation. The dose distributions
in cubic head phantoms representing small, medium and large animals were also
determined to understand the considerations required for moving from small (e.g., rodent)
animal experimentation to larger (e.g., cat and dog) animals. The spatial fractionation of
MRT dose distributions will necessitate unconventional methods for treatment plan
optimization. To explore this requirement, four dose-volume metrics, the peak-to-valley
dose ratio, the peak-to-mean-valley dose ratio, the mean dose and the percentage volume
below a threshold dose, were explored with changing microbeam array geometry and
phantom size.

To investigate the DNA damage response in cell cultures to synchrotron-
generated microbeams, the formation of YH2AX foci (a marker of DNA double-strand
breaks), rates of foci clearance and apoptosis in cultured normal human fibroblasts and
malignant glioma cells were examined on the 05B1-1 beamline. The two cell types
demonstrated similar trends in YH2AX foci formation and clearance with dose and time
after irradiation. Additionally, despite elevated levels of YH2AX foci at late times (up to
72 hours after irradiation), both cell types showed very low levels of apoptosis. The
results also highlighted the importance of understanding the DNA damage response

specific to cell type, and the consideration of non-apoptotic responses even at high doses.
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The research in this thesis establishes a foundation in experimental dosimetry,
theoretical dosimetry, and cell culture studies for future MRT research on the BMIT

beamlines at the Canadian Light Source.
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1 INTRODUCTION

1.1 Radiation therapy

1.1.1 Cancer incidence and treatment

In Canada two in every five people (45% of men and 41% of women) will develop cancer
at some point in their lifetime.! Figure 1.1 shows the lifetime probability of incidence
and mortality for males and females in Canada for several types of cancers.'
Approximately 60% of patients with cancer will be treated with radiation therapy, often
in conjunction with surgery, chemotherapy or other types of treatment.” Radiation

therapy is thus a vital tool in treating cancer.
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Figure 1.1 The lifetime probability of incidence and mortality for various types
of cancer in Canada for males and females. Data compiled from Canadian
Cancer Statistics 2014.'

There are two main types of radiotherapy: external beam radiation therapy

(EBRT) and brachytherapy. With EBRT, treatment is delivered by a radiation beam



emitted from a source outside of the patient’s body, and is the most commonly used type
of radiation therapy. With brachytherapy, a sealed radioactive source is placed as close
as possible to the malignancy by interstitial, intracavitary, or surface application.” EBRT
usually provides treatment using high-energy (> ~1 MeV) photons (i.e., x-rays or
gamma-rays) or electrons, although other types of radiation can be used for specific
applications (e.g., protons, ions, neutrons, etc.). Today in North America, high energy x-
rays and electrons are most often produced by clinical linear accelerators. Medium
energy x-rays (~ 40 — 400 kV) are also occasionally used to treat superficial cancers, and
are produced by x-ray tubes.

Although the treatment for an individual patient will vary based on a number of
factors, the majority of conventional high-energy EBRT treatments share commonalities.
Treatment plans are designed to maximize radiation dose to the whole treatment volume.
Typically a uniform coverage of this treatment volume is desired, while minimizing the
dose to the surrounding tissue. Total doses (D) delivered to the treatment volume depend
on the tumour site, but are usually in the range of 50 — 80 Gray (Gy, Gy = J/kg). The
total dose is delivered over weeks, with 1.8 — 2.0 Gy delivered per day for conventionally
fractionated treatments. This temporal fractionation of the delivered dose leads to
reduced normal tissue toxicity for an equivalent rate of tumour control than a single large

4-6

dose.”” With a clinical linear accelerator, standard dose rates are in the order of 1 - 6

Gy/minute.

1.1.2  Biological basis of radiation therapy

The earliest radiation therapy treatments, which first occurred only months after
the discovery of x-rays by Roentgen in 1895, were performed with very limited
understanding of the biological effects, or even the physical characteristics, of radiation.’
For many decades, clinicians made therapeutic choices based predominantly on empirical
data, which resulted in poor tumour control and significant toxicity.” Developments in
radiobiology, as well as accumulated clinical experience and technological advances,

gradually led to improved efficacy and reduced morbidity in radiation therapy.



Radiation therapy relies on the principle that ionizing radiation, at a sufficient
dose, will lead to cell killing or the inhibition of proliferation. For many years, there
existed a “DNA-centric” understanding surrounding cellular damage caused by ionizing
radiation,® particularly that nuclear DNA is the principle site for ionizing radiation-
induced cell death. Ionizing radiation can produce several types of damage in DNA, but
DNA double strand breaks (DSBs) are thought to be the most important type of radiation-
induced lesion in DNA.* A simplified model taken from Prise et al. (2009)° is shown in
Fig. 1.2. After the initiation of a DSB, the break can be repaired properly, which will
prevent any deleterious effects. Alternatively, unrepaired DSBs can cause chromosomal
aberrations, and lead to the loss of clonogenic potential through cell death (e.g.,
apoptosis) or growth arrest (e.g., premature senescence). Another alternative is that
repair is attempted, but is carried through incorrectly or incompletely, which can lead to

mutation, and potentially transformation to a cancer cell.
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Figure 1.2 A general model for direct DNA damage by ionizing radiation. In
this figure, ‘Cell death’ includes both lethality (e.g., apoptosis) or growth arrest
(e.g., premature senescence). (Reprinted by permission from Macmillan
Publishers Ltd: K.M. Prise and J.M. O'Sullivan, "Radiation-induced bystander
signalling in cancer therapy," Nature Reviews Cancer 9, 351-360 (2009).9)

Current radiobiology has shown evidence that, in addition to a single cell’s

response to damage caused directly to DNA, there is important signalling between cells



and within tissue in response to ionizing radiation.® For example, the bystander
response,*”'? defined as “the induction of biologic effects in cells that are not directly

traversed by a charged particle, but are in close proximity to cells that are;”*

adaptive
11 . . . « cle e ey
responses  that increase radioresistance after a very low dose “conditioning” exposure to

ionizing radiation; the enhanced cell killing at very low doses of ionizing radiation

12 13,14

referred to as low dose hypersensitivity;*™ after

and systemic abscopal effects
irradiation. The impact of the extra-nuclear targets for ionizing radiation-induced
damage, and the potential for systemic effects after exposure to ionizing radiation on
modern radiation therapy is not yet understood.

DNA damage, and other biological effects of ionizing radiation, occurs in both
normal and tumour tissue. Thus, not only does radiotherapy require sufficient radiation
dose to cause tumour cell killing, it also requires that surrounding normal tissue is better
able to repair, or at least tolerate, radiation damage than the targeted cancerous tissue.
The concept of the therapeutic index, which is based on the tumour control probability
(TCP) and normal tissue complication probability (NTCP), is used to predict the success
of a treatment. Examples of potential TCP and NTCP curves are shown in Fig. 1.3. If
the TCP if high (e.g. ~ 86%) for low doses relative to the acceptable NTCP (e.g. 5% in
Fig. 1.3(a), the therapeutic index is favourable. However, if the TCP is low (e.g. ~ 20%
in Fig. 1.3(b) with an acceptable NTCP, the probability of a successful treatment is very
low. TCP and NTCP are affected by numerous parameters, including the radiosensitivity

of the involved tissues, the dose-time fractionation and the type of radiation therapy used.
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Figure 1.3 Examples of tumour control probability (TCP) and normal tissue
complication probability (NTCP) curves. (a) An example that has a more
favourable therapeutic index with respect to (b).



1.1.3  The volume effect

As stated above, one of the main goals in radiation therapy planning is to minimize the
volume of normal tissue irradiated based on the expectation that with a decrease in
irradiated volume comes a decrease in the probability of normal tissue complications.
This purpose has motivated many new techniques and technology in EBRT to enable
more precise targeting of the treatment volume, such as conformal radiation therapy
(CRT), intensity modulated radiation therapy (IMRT), volumetric modulated arc therapy
(VMAT), image guided radiation therapy (IGRT), respiratory gating, image guided
adaptive radiotherapy (IGART), stereotactic radiosurgery (SRS), and stereotactic body
radiation therapy (SBRT).

Physicians in radiotherapy have exploited the dose-volume effect, the increase in
the threshold dose for some end point as irradiated volume decreases, for many decades
despite limited tissue-specific experimental evidence and the difficulty of generalizing
the data that does exist."'® A lot of the applied clinical knowledge surrounding dose-
volume relationships is based on anecdotes and best judgement of clinicians.'>"”

Hopewell and Trott, in a review on the volume effect, discuss its complex nature
and warn of the quantification of existing data for the purpose of treatment planning.'®
The authors separate the volume effect for structural versus functional radiation damage,
and claim that there is little or no volume effect when considering structural radiation
damage. The apparent volume effect observed in very small irradiation fields is
attributed to cell migration of non-irradiated periphery cells into the damaged region
during the healing process and not intrinsic radiosensitivity.'®'® On the other hand, the
authors present evidence for volume effects in terms of functional end points. The
authors summarize the work of Herrmann et al., who irradiated pig lung.'” Their results
showed no change in structural damage with varying irradiated volumes, but a decrease
in lung function was observed as the volume of lung irradiated increased.” Hopewell
and Trott state that the “relationship between anatomical/structural radiation damage and
failure of organ function is different for different organs, and more related to organ
physiology than to basic radiobiological concepts of cell survival.”'®
In a model developed by Withers et al., the dose-volume response of a type of

tissue depends on the architecture of the tissue itself.*® The authors introduced the



concept of a functional subunit (FSU), and two types of FSU arrangement in tissues. In
an organ with series architecture (e.g., spinal cord), each individual FSU is vital to
function, and the elimination of one, or a small number of FSUs, will lead to a
complication.”” These organs will respond to radiation in a binary fashion: below a
threshold dose there is normal function, but above there is significant loss of function.
Alternatively, an organ’s FSUs can be arranged in parallel (e.g., skin). In this case, organ
toxicity will not occur if a small number of FSUs are irradiated to a high dose. Instead, a
critical volume must be eliminated before there is a loss of function.”

The dose-volume effect of ionizing radiation on the microscopic scale was first
investigated in the 1950’s and 1960’s.'* Zeman et al. used a 22 MeV deuteron beam to
irradiate the visual cortex of mice to simulate the effect of cosmic rays on brain tissue in
preparation for manned space flight.>> The diameter of the cylindrical microbeam was
decreased from 1 mm down to 25 um. The researchers defined a threshold dose as the
smallest dose at which practically all of the nerve cells within the path disappeared by 24
days following irradiations. Dose rates were varied between 0.125 and 9000 Gy/s.
Although no dose rate effect was observed, it was determined that doses required to cause
cellular destruction are strongly dependent on the volume of tissue irradiated. Figure 1.4
shows the threshold dose as a function of field size. The error bars indicate the
variability between individual animals, which was only stated for the two largest beams,
although the authors mentioned that variability continued decreasing with beam size. For
a beam diameter of 1 mm, not only were all nerve cells obliterated in the beam path after
a 140 Gy dose, there was complete destruction of the brain tissue (Fig. 1.5(a)). There
was evidence of vascular damage (e.g. haemorrhage, edema and vasodilation). As the
beam size was reduced, the threshold dose increased to a maximum of 4000 Gy for the
smallest (25 pm) beam. For this beam size, the 4000 Gy dose caused no lasting effects
except the removal of nerve cells within the beam track (Fig. 1.5(b)). Additionally the
scale and occurrence of vascular damage decreased with beam size. For the 25 um beam,

disruptions in circulation were practically absent up to 50,000 Gy.
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Figure 1.4 The change in threshold dose as a function of beam size after
irradiation with a 22 MeV deuteron beam. Data points taken from Zeman et al.
1961.7

Figure 1.5 Histological images of a mouse visual cortex following irradiation
with a 22 MeV deuteron beam. (a) The cavity present 120 days after a 280 Gy
irradiation with the 1 mm beam. (b) The loss of nerve cells along the beam track
can be seen 24 days after a 4000 Gy irradiation with the 0.025 mm beam. (Image
reproduced from W. Zeman et al., "Histopathologic Effect of High-Energy-
Particle Microbeams on Visual Cortex of Mouse Brain," Radiation Research, 15,
496-514 (1961)* with permission of Radiation Research).



Two explanations for the rapid increase in tolerance at the smallest beam size
were proposed. First, the small microbeam has a high likelihood of passing through the
tissue without intersecting many capillaries based on the size of the beam and the spacing
of the capillaries, and thus little vascular damage is produced. For the broad beam,
vasculature cannot be avoided and is destroyed, which leads to necrosis.”* An
alternative explanation is that damaged cells can release cell-damaging enzymes that, in a
small irradiated volume would quickly diffuse and their effects would be minimized,
while in a large irradiated volume the enzymes would remain concentrated and cause
further damage.”

The biological effects of an x-ray microbeam on mouse skin were investigated by
Straile and Chase.”® The authors examined the damage caused by a 5 mm diameter beam
(60 Gy < D <100 Gy) versus a 150 um planar beam (60 < D <180 Gy) produced by a
200 kV x-ray tube. The authors reported a similar amount of initial cellular damage by
both beams, but observed superior healing after irradiation with the microbeam. The
hypothesis offered to explain the more efficient healing of the smaller lesions was the
greater surface area to volume ratio of the lesion, which allows a greater number of

undamaged cells at the periphery to migrate into the lesion and facilitate healing.*®

1.1.4 Spatial fractionation in radiation therapy

In the early days of radiation therapy, because very little was known about the biological
effects of radiation or dosimetry, a high incidence of morbidity and poor tumour control
occurred.” In an attempt to reduce normal tissue complications, particularly skin effects
that were especially problematic due to the low x-ray energies available, clinicians
exploited the dose-volume effect, in the form of spatial fractionation.  Spatial
fractionation of the dose distribution was initially conceived in 1909 in Germany. Kohler
used a grid of 1 mm thick iron wires spaced 3.0 — 3.5 mm apart applied to the patient’s
skin during irradiations to reduce normal tissue complications.”’ With the grid, doses
were 10 — 20 times higher than typically delivered with an open field.*® The use of a
perforated lead sheet to prevent skin injury during the treatment of deep lesions was

independently developed in the United States by Liberson in 1933.* Liberson noted that



the lattice of normal skin protected by lead acted as centers of healing for the heavily
irradiated regions. The popularity of grid therapy to enhance the healing process of
radiodermatitis escalated in the 1950s with improvements in grid materials and geometry
(ratio of covered to open area).”*>%~"!

Spatial fractionation was largely abandoned as megavoltage sources, whose dose
build-up from skin surface to deeper tissue improved skin sparing, became available.>
Over the last few decades grid therapy has been reintroduced as a treatment for large,

bulky tumours (> 6 cm).**>°

Treatment may be applied to offer palliation to sites that
have already reached tolerance, or used to debulk large tumours in preparation for a more
conventional course of open field radiation therapy.”> Spatial fractionation with high-
energy linear accelerators is achieved with a solid grid (cerrobend or brass), or a multileaf
collimator (MLC). Typically, the grid has equal areas blocked and unblocked, with ~ 1
cm diameter circular openings. Relatively high doses (~15 — 20 Gy) are delivered to the
target in a single fraction with a palliative or curative goal. Despite the non-uniform dose
distributions, uniform reduction in tumour mass has been observed. This uniform
response has been explained by broad systemic effects following spatially fractionated

36,37

therapy, such as the increase in ceramide (which sensitizes cells to apoptosis) and

perhaps a bystander effect.’

1.1.5 Challenges in the treatment of pediatric brain tumors

Pediatric central nervous system (CNS) tumours constitute one type of cancer with an
unfavourable therapeutic index. Treatment offers significant challenges because of the
sensitivity of the developing brain. Although the incidence of childhood (ages 0 — 14)
cancer is low at 163.2 per million per year in Canada,' it is the second leading cause of
death in children aged 1 — 14.®® CNS malignancies are responsible for a greater
proportion of deaths (34%) in children (ages 0 — 14) than any other type of cancer (Fig.
1.6)." It has been well established that the treatment of CNS tumours in children carries a
high risk of complications. The developing brain is very sensitive to interventions,
including any CNS-directed treatments.”*’ Although surgery and certain

chemotherapeutic agents carry risks of causing long-term effects, radiation therapy is



associated with the highest risks of long term cognitive deficits.*'** Tt is thought that
these deficits may at least be partially explained by radiation-induced damage to the

brain’s white matter.” Other radiotherapy-related factors that increase the risk of
41,42,44

unfavourable neurocognitive effects include the location of the tumour, a higher

. 44 . . 42,44
delivered dose,” a greater volume of brain irradiated,

and a younger age at time of
treatment.****” Patients under the age of 5 experience the greatest impact on cognitive
processes, and the influence of patient age at time of treatment has a greater effect on

neurological deficits than the delivered dose.*
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Figure 1.6 The distribution of new cancer cases for ages 0 — 14 in Canada from
2006 — 2010 (total number of cases = 4600), and the distribution of cancer deaths
for ages 0 — 14 in Canada from 2005 — 2009 (total number of deaths = 640). CNS
= central nervous system, PNC = peripheral nervous cell tumours. Data taken
from Canadian Cancer Statistics 2014.'

44,45,49-52

Potential types of impairment include intelligence, neurocognitive

function (e.g. attention/processing, learning and memory, language visual perception,

2.47.48) 454748

task efficiency , endocrine dysfunction, and behavioural or emotional
effects.”” When compared to other cancer survivors and a sibling cohort, childhood CNS
malignancy survivors achieve lower educational status, less income, and less fulltime
employment.** Despite the importance of radiation therapy in tumour control, there have

been efforts to reduce radiation dose, reduce the volume of normal tissue irradiated, delay
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the commencement of radiation treatments till the child is older, or omit radiotherapy
altogether in an attempt to reduce the occurrence and severity of neurological

39,44,47,51,53
sequelae.

However, for certain types of disease, delaying radiotherapy
negatively impacts the rate of survival.”> Extended or aggressive chemotherapy has been
used to replace radiation treatments for standard risk disease, but high dose radiation can

still be employed for high risk disease.”***"~!

Many long-term studies considering the
effects of radiation therapy on the developing brain were performed on patients treated
decades ago. Technological advancements (such as conformal radiotherapy) may prove
to offer improvements in terms of avoiding long-term deficits while achieving better

tumour control probabilities.**

1.2 Microbeam radiation therapy: Overview and biological rationale

1.2.1 Introduction to microbeam radiation therapy

Microbeam radiation therapy (MRT) is an experimental technique that exploits the
unusual tissue response to microbeams and may offer a treatment option for cases that
would otherwise be limited by normal tissue toxicity. This method employs synchrotron
x-rays shaped into an array of quasi-parallel microbeams to treat solid tumours (Fig. 1.7).
MRT differs markedly from conventional therapies in three key aspects: (1) the dose
distribution delivered to the tumours is extremely spatially fractionated (microbeams are
typically 25 — 100 um wide and separated by 100 — 400 pum), (2) extremely high doses
(hundreds of Gy) are delivered in the microbeam paths in a single, high dose rate
(thousands of Gy/s) fraction, and (3) the polyenergetic synchrotron x-rays are relatively
low in energy (~50 — 600 keV).>*” Third-generation synchrotrons are used as x-ray
sources for MRT because they can provide the high dose rates and minimally divergent
beams necessary to produce the extremely spatially fractionated high dose microbeams
characteristic of MRT.”’

In the late 1980°s researchers at the National Synchrotron Light Source in Upton,
New York were attempting to perform microtomography of a mouse head with a

synchrotron x-ray microbeam approximately 30 um in diameter. To maximize contrast
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the dose was increased during the imaging procedure to approximately 200 Gy. The
mouse recovered normally, and histological analysis a month later revealed no evidence
of damage along the beam path.’’ This prompted the researchers to investigate the
possibility of using an array of microscopic synchrotron x-ray beams in radiotherapy. In
1995, Slatkin et al. first demonstrated the high tolerance of normal rat brain to extreme
doses of synchrotron x-ray microbeams, and discussed a microbeam array’s potential
application in radiation therapy.”® Since then, animal studies have demonstrated that

MRT can achieve similar or improved tumour control while resulting in reduced normal

tissue toxicity when compared to single fraction broad beam irradiations.’®®
Synchrotron Microbeam
/ |
Sodree Filtered, Broad
Photon Beam ’ Array ! ’
¢
Multi-slit

[ Patient
Collimator atien

Figure 1.7 Schematic of microbeam radiation therapy. Synchrotron x-rays are
shaped by a multi-slit collimator into a microbeam array to treat a solid tumour.

1.2.2  Irradiation conditions

Currently only synchrotron radiation (SR) produced in synchrotron light sources (to be
discussed in more detail in Chapter 2) can provide the geometric conditions required for
MRT. There are two unique characteristics of SR that allow MRT experimentation.
Firstly, SR is minimally divergent (on the order of 1 milliradian (mrad)), and thus the
width of the microbeam widens only minimally as it travels several centimetres in the
medium. Secondly, SR is extremely intense: for typical energies used for MRT
experiments, dose rates of up to approximately 20,000 Gy/s are achievable. The high
dose rates mean that the high doses associated with MRT can be delivered within a
fraction (e.g., a few hundredths) of a second, which is important to prevent both
macroscopic and microscopic (cardiosynchronous tissue movement) patient motion from
blurring out the dose distribution during irradiation. Additionally, although not unique to

SR, the x-rays produced are relatively low in energy (mean energy ~ 100 keV). The
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released secondary electrons have limited ranges in tissue, and thus help maintain the
peak and valley patterned dose distribution. Increasing the beam’s energy will increase
the penetrability of the microbeam array, but will also lead to further scatter between the
microbeams. The spatially fractionated dose distribution must be preserved to exploit the
high normal tissue sparing effect observed with MRT.

A synchrotron beam used for MRT is wide horizontally, but very narrow
vertically. The desired horizontal array size is achieved by simply collimating the beam.
In the vertical direction, the array size is achieved by vertically scanning the
phantom/animal/patient through the small, stationary beam. The vertical scan rate and
dose rate determine the delivered dose. The width and separation of the microbeams
within the array are determined by the microbeam collimator. Originally, a single slit
collimator composed of tantalum was used, and multiple beams were produced by the
horizontal translation of the phantom or animal.”> To rapidly irradiate an animal with a
full microbeam array, a collimator with multiple slits is required. The collimator must be
accurately machined for microbeam uniformity, must be made of a material that can
withstand the heat load from the intense beam without expansion, and must provide
sufficient attenuation to create the microbeam pattern. The first multi-slit collimator
(MSC) was made of alternating leaves of ~150 — 165 um wide aluminum (high x-ray
permeability) and ~ 50 um wide gold (low x-ray permeability) leaves.”” The design
included two identical pieces that could be offset with respect to each other to alter the
microbeam width (Fig. 1.8(a)). More recent designs offer improved uniformity with
more precise machining methods.**'

Like conventional radiation therapy that uses multiple beams, MRT
experimentation often employs more than a single microbeam array. Geometric
arrangements utilized thus far include a single unidirectional array”~***%*"° (Fig.1.8(b)),
cross-fired geometry’®™®7'® (Fig. 1.8(c)), cross-hatched geometry®*’® (Fig.1.8(d)) and
interlaced microbeams’”"® (Fig. 1.8(¢)). Additionally, an extension of MRT, mini-beam
radiation therapy (MBRT), has been developed by increasing the scale of the microbeam
array. In MBRT, the width of the microbeams is approximately 200 - 700 um, and the

79,80

centre-to-centre separation is approximately 1 — 4 mm. These mini-beams maintain
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some of the sparing effect of microbeams, but are technically simpler to produce and

work with, and thus may be easier to implement clinically.
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Figure 1.8 (a) A cross-sectional view (through a horizontal plane) of the stacked
MSC design common to many MRT experiments. An offset between one stack
with respect to the other allows variable microbeam width. The black arrow
indicates the direction of the x-ray beam. The dimensions of the MSC are not to
scale. Various irradiation geometries are portrayed in the bottom row: (b)
unidirectional irradiation, (c) cross-fire irradiation, (d) cross-hatched geometry
and (e) interlaced geometry.

1.2.3  Animal studies demonstrating normal tissue sparing

Multiple experiments have demonstrated an unusual normal tissue tolerance to high dose
microbeam arrays. In the first in vivo study, Slatkin ef al. investigated the response of
adult rat brain to entrance doses of between 312 and 10000 Gy and beam widths of 20, 37
or 44 um.” Histological analysis of brain tissue irradiated with doses < 625 Gy appeared
normal. A dose of 2000 Gy led to loss of cell neuronal and astrocytic nuclei in the beam
path within 1 month in 50% of rats, but no other kind of damage was evident for entrance
doses < 5000 Gy. Necrosis was not observed until a dose of 10000 Gy.>> To consider the

effects on particularly sensitive structures, multiple experiments were performed on

—_
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immature CNS tissue. The brains of suckling rats,” weanling piglets® and duck
embryos™® have been irradiated. The hindbrains of 11 — 13 day old rats were irradiated
with 28 pm wide microbeams, separated by either 105 or 210 um in a cross-fired
arrangement, and doses between 50 and 150 Gy. Although histological analysis revealed
loss of cell nuclei in the microbeam path, there were no rat deaths attributed to radiation
damage, normal tissue architecture was maintained, and no haemorrhaging was observed
during the 15 month follow up. Weight loss, motor disturbances and behavioural
changes were observed in some rats, and were associated with higher doses and more
closely spaced microbeams.®'

A similar study was performed using 42 — 48 day old piglets irradiated
unidirectionally with 20 — 30 um wide microbeams separated by 210 um and entrance
doses between 150 and 600 Gy.** These larger animals better represented the brain size
of a human infant, and again demonstrated the high normal tissue tolerance of the young
cerebellum. In this study, where animals were observed for over a year after irradiation,
magnetic resonance imaging, behavioural and neurological assessment, and eventual
necroscopy revealed no changes between irradiated piglets and their unirradiated litter
mates except for loss of nuclei in the beam path (Fig. 1.9). Finally, duck embryos in ovo
were irradiated with both microbeam and broad beam synchrotron radiation.”® The study
again showed elevated tolerance to microbeams, and suggested that the dose threshold
seems to depend on the valley dose, the dose in between the microbeams, and not the
peak dose, or the dose in the microbeam path. All of these studies concluded that their
results supported the possibility of MRT as a potential for the treatment of neoplasms in
the immature CNS tissue of infants,”>%¢>%!

Aside from brain tissue, the elevated tolerance of the spinal cord to microbeams®
(35 pum x 210 um, 253 Gy) and minibeams® (0.68 mm x 4 mm, 400 Gy) has been
established. Similarly, the resistance of mouse skin® (25 pm x 200 pm) and rat skin®
(90 um x 300 pum) to high dose microbreams has been demonstrated. The researchers
suggested a 6 to 9-fold increase in skin tolerance when comparing the mean dose
delivered by the microbeam array to the mean dose causing moist desquamation in rats.
In mice, the study concluded that the integrated dose better predicted tissue tolerance than

either peak or valley doses.™
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Figure 1.9 A section of the piglet cerebellum after irradiation with microbeam
array (~ 25 pm wide, 210 pm spacing) and an entrance dose of 300 Gy. The
lighter stripes indicate the path of the microbeams, where some cells and nuclei
were destroyed.”> (Image reprinted from: J.A. Laissue et al., "Prospects for
microbeam radiation therapy of brain tumours in children to reduce neurological
sequelae," Dev. Med. Child Neurol. 49, 577-581 (2007) with permission from
John Wiley and Sons.)

1.2.4  Animal studies demonstrating tumourcidal effects

To study tumour response to MRT, animal models (most commonly rats and mice) have
been inoculated with intracranial and subcutaneous tumours of a variety of cell lines and
treated with microbeam arrays. In these MRT experiments the growth of nearly every
tumour was suppressed, at least temporarily, and many tumours were ablated.”” This is
despite the fact that only a fraction of the tumour volume was directly irradiated by the
microbeams.

Data from two experiments examining the response of intracranial 9L
gliosarcoma (9LGS) in adult rats are summarized in Table 1.1. In 1998, Laissue et al.
treated the rats with 25 pm wide microbeams separated by 100 pm.”* MRT was
responsible for ablating 22/36 tumours overall, and notably 4/11 of those treated by
unidirectional irradiation only. The comparison to broad beam irradiation was
extrapolated from a previously published result. Despite the increased survival times and
ablation of tumours, significant damage was observed in the cross-fired regions. The
same animal and tumour models were investigated by Dilmanian er al. (2002)* with a

unidirectional array of 27 pm wide microbeams that delivered doses between 150 and
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500 Gy. The beam spacing was either 50, 75 or 100 um. The results included both
tolerable and intolerable irradiation configurations. It was observed that the sparing of
normal brain tissue was lost when the valley dose approached the tissue tolerance to
broad beams. The study demonstrated that, under the right irradiation conditions, single
fraction unidirectional MRT may offer a higher therapeutic index than single fraction
broad beam irradiations. A number of other studies have supported the ability of high-
dose microbeam treatments to prolong survival time in animals with intracranial 9LGS

65,67-69,72,75,76,86,87
tumours.

Table 1.1 The median survival time (days) for 9LGS-bearing rats following
microbeam irradiation and broad beam irradiation. Tabulated data from Laissue
et al.>® and Dilmanian et al.®

Irradiation Protocol Median Survival Time (d)
Laissue ef al. 1998
Controls, 0 Gy 20
Unidirectional, 625 Gy (n=11) 24
Cross-fire, 625 Gy x 2 (n = 14) 139
Cross-fire, 312.5 Gyx 2 (n=11) 96
Broad beam (250 kVp), 22.5 Gy ®* 35
Dilmanian et al. 2002
Controls, 0 Gy 19
Tolerable dose MRT 170
High dose MRT 60
Broad Beam, 22.5 Gy * 335

For subcutaneous EMT-6°* and EMT-6.5"" (mammary) tumours in the legs of
mice it has also been shown that unidirectional and cross-hatched MRT treatment can
achieve similar or better tumour control compared to broad beam irradiation, with less

6470 The achieved therapeutic index

acute and delayed normal tissue toxicity (Fig. 1.10).
was better for cross-hatched versus unidirectional irradiations, and when the integrated
dose is taken into account, MRT offers an approximately six-fold increase in tolerance
over broad beam irradiations.** Because there are so many parameters in MRT (Section

1.2.2), the optimal geometric and dosimetric parameters have not yet been deduced.
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Figure 1.10 The hair regrowth in mice following (a) cross-hatched microbeam
array irradiation, with an entrance dose of 520 Gy, and (b) after a 38 Gy broad
beam irradiation at least 6 months after treatment. The image shows better
regrowth, and a slightly higher rate of tumour ablation in the microbeam treated
animal. (Image reproduced with a slight modification from: F.A. Dilmanian et
al., "Murine EMT-6 carcinoma: High therapeutic efficacy of microbeam radiation
therapy," Radiat. Res. 159, 632-641 (2003)** with permission from Radiation
Research.)

In addition to the effects of MRT alone, the efficacy of MRT combined with
adjuvant therapies has also been examined. Dose enhancement in the tumour has been
suggested through the use of high atomic number agents, including iodine,” gadolinium
(Gd-DTPA),”® Gd-based nanoparticles® and gold nanoparticles.”’”>  The high-Z
compounds can be preferentially delivered to the tumour because of the enhanced
permeability of the tumour vasculature.”” The dose enhancement is attributed to an
increase in the cross-section for the photoelectric effect (increases with ~ Z° °*). The
generated photoelectrons have a short range and deposit their energy near the high-Z
material, and thus predominantly in the malignant tissue. Additionally, the high-Z
compounds provide enhanced contrast for X-ray-based imaging, or magnetic resonance
imaging for the case of gadolinium.*® Gene-mediated immunotherapy was shown to
increase survival over MRT alone for 9LGS-bearing rats.”” Also, the combination of
MRT and chemotherapeutic agents has been investigated.®’>’®®  Schultke et al.
demonstrated the benefit of buthione-SR-sulfoximine (BSO, a radiosensitizer) in
combination with MRT in prolonging survival in rats with intracranial C6 and F98
gliomas.” Bouchet et al. showed that JAI-51, an anti-mitotic drug, prolonged the
survival of rats with intracranial 9LGS in combination with MRT, but not alone.”® Tt was
suggested that MRT induced a temporary disruption of the blood brain barrier that
enhanced drug uptake over the treatment with JAI-51 alone.”® Griffin ez al. used anginex,

an anti-angiogenic peptide, to further delay tumour growth over MRT alone.”
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1.2.5 Biological mechanism behind microbeam radiation therapy

The detailed biological response to high dose microbeams, particularly how such high
sparing is achieved in normal tissue and what causes the differential response between
normal and cancerous tissues, is not yet fully understood. A better fundamental
understanding of these tissue responses would advance the present preclinical state of
MRT, and may lead to translational advancements in conventional therapies. There are
two main hypotheses that have been proposed to explain this “microbeam effect” in
tissues. First, the enhanced normal tissue sparing observed following microbeam
irradiations has long been associated with unusually high radioresistance of

23,25,55-57,63,64,96-98 . .
\23,33:37,63.64, and several experimental results support this

microvasculature,
connection. Spatially fractionated irradiation of normal brain results in limited tissue
damage.”?*"" Slatkin et al. suggested that damaged blood vessels are repaired by the
immigration of nearby, minimally irradiated cells, which would be facilitated by the large
area at the interface between highly irradiated tissues in need of repair, and minimally
irradiated tissues that could provide restorative cells.”>”’ The absence of necrosis at late
times after the delivery of such high doses associated with MRT suggests that the
microvasculature must either maintain or restore at least partial functionality. Evidence

63,64,66,96,99 .
d.63:04669699 Eioyre 1.11 shows

of normal tissue microvasculature repair has been observe
a “vasculature bridge” formed 24 hours after microbeam irradiation in chick
chorioallontoic membrane. It has been demonstrated that tissue injury following MRT

depends on blood supply, and particularly on the stage of capillary maturation.”®'*

In addition, researchers observed the “absence of important cerebral edema,”'!
and a transient and dose-dependent disruption of the blood brain barrier®® following
MRT. This absence of edema could offer significant advantages of MRT over broad
beam treatments. Although changes in normal vasculature following unidirectional
microbeam irradiation have included an increase in vessel inter-distances, the normal
tissue has still maintained an adequate blood supply; in contrast, MRT leads to hypoxia in
intracerebral 9LGS tumours.”®” To explain the differential effect, it was proposed that

the disorganized tumour vasculature is less efficient at repair following destructive

irradiation compared to the ordered vasculature found in normal tissues.’’
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Figure 1.11 The formation of “vascular bridge” 24 h following a 300 Gy peak
dose in the immature microvasculature of a chick chorioallantoic membrane. The
yellow arrows indicate the path of the microbeams. (Image reprinted from
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 548, H. Blattmann et al,
"Applications of synchrotron X-rays to radiotherapy," 17-22, Copyright 2005,
with permission from Elsevier )

The second proposed explanation is that differential responses in normal and
tumour tissue are due to different ionizing radiation induced changes at the cellular level,
and may include differences in cellular communication, cell mobility and gene

70,102-106

expression. Dilmanian et al. hypothesized that the bystander effect (Section

1.1.2) plays a role in the migration, proliferation and differentiation of cells neighbouring

102 Direct

maximally-irradiated cells to facilitate repair following microbeam irradiation.
evidence of the bystander effect-mediated damage in cell culture was demonstrated in C6
rat glioma cells and U251 human glioma cells.'”’” DNA double strand breaks (DSBs)
were detected in non-irradiated cultured cells after exposure to soluble factors collected
in the medium of microbeam irradiated cells.

Differential cellular responses in normal tissue (skin) and EMT-6.5 subcutaneous
tumours following MRT have been investigated in a rat model, and showed that skin
demonstrated a greater capacity for repair and proliferation than the tumour tissue.”” The
authors also observed mixing of cells exhibiting maximal and minimal y-H2AX-stained
cells (stained brown in Fig. 1.12) 24 hours after irradiation. This distribution was

attributed to “rapid intratumour migration of maximally and minimally irradiated cells.””
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They suggested that the reduced distance between “peak” and “valley” cells could
increase cell-mediated communication and perhaps increase overall damage to the
tumour. In the same tumour model, infrared microspectroscopy was used to identify
molecular composition after microbeam (560 Gy peak dose) and broad beam irradiations
(11, 22, and 44 Gy).'”™ The study showed differences between microbeam and broad
beam-irradiated tissue, although it is not clear whether these differences are due to total
dose differences or the geometric differences. Additionally, there were no spectroscopic
differences between peak and valley doses, despite the valley dose being only ~ 2% of
the peak dose, which the researchers claim suggests a uniform tissue response to the
microbeams. Investigation of the differences in transcription following MRT versus
broad beam irradiations shows that samples irradiated by these two irradiation geometries
regulate genes differently in EMT-6.5 tumours.'” Expression of immunity-related genes
was higher following broad beam irradiation versus MRT, which may lead to a decreased
inflammatory response following MRT and may influence the increased sparing seen in

normal tissues.

Figure 1.12 The EMT-6.5 (left column) and normal skin (right column) from
mice euthanized at 4 h (top row) or 24 h (bottom row) post-irradiation with a 560
Gy microbeam (25 x 200 um). Brown cells = DNA DSBs (y-H2AX), blue cells
are proliferating cells (BrdU). (Image reprinted from International Journal of
Radiation Oncology Biology Physics, 77, J.C. Crosbie et al., "Tumor Cell
Response to Synchrotron Microbeam Radiation Therapy Differs Markedly from
Cells in Normal Tissues," 886-894, Copyright 2010, with permission from
Elsevier.”)
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The effects of radiation-induced damage at greater distances from the site of
irradiation have also been studied. It has been demonstrated that irradiation of one
hemisphere of the rat brain will lead to dose-dependent abscopal effects in the
contralateral brain and wurinary bladder for both microbeam and broad beam

irradiations.!%%!%

The signals were significantly weaker in the bladder versus either
brain hemisphere, which indicates either a distance or tissue dependence of this effect.
Additionally, the researchers reported that the production of bystander effects was higher
when tumour bearing rats were irradiated versus tumour free animals.'” An extension of
this work showed that these abscopal effects were also detected in non-irradiated cage
mates of irradiated rats at 48 hours after irradiation for both broad beam and microbeam-
irradiation protocol.'” The effects in cage mates were independent of dose, but the
deleterious effects were stronger after broad beam irradiations and were equal in the brain

and the urinary bladder.'”

A better understanding of the cell-to-cell communication
pathways implicated by these results could shed light on the optimum geometry and

prescribed dose for MRT.

1.2.6 Applications of microbeam radiation therapy

The profound normal tissue tolerance and elevated therapeutic index of high dose
microbeams may be advantageous for the treatment of malignancies that require more
normal tissue preservation than can be offered from conventional methods, but are not
restricted by the limited penetrability of the low energy x-rays. Since the earliest MRT
publications, it was suggested that synchrotron x-ray microbeams could be used to treat
brain tumours, and particularly to address the difficulty in treating pediatric brain

54-56,58,62

tumours (Section 1.1.5). MRT has the potential to spare the sensitive CNS

tissues of childhood cancer patients, while inhibiting tumour growth in relatively shallow

. 55,97
lesions.

Even if complete ablation of the tumour is not possible, a reduction in
tumour size through microbeam irradiation could allow time for the brain to mature while
postponing more aggressive treatments, and/or improve the efficacy of auxiliary
treatments by reducing the number of malignant cells.”” Aside from childhood

malignancies, MRT could be used to treat tumours near particularly radiosensitive organs
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(e.g., eye, spinal cord),” or perhaps shallow tumours that require further palliation after
being treated to tolerance by conventional methods.

Aside from the treatment of cancer, microbeam radiosurgery is being investigated
as a treatment technique for other neurological conditions. Options include the treatment

57,78,79,109

of vasculature malformations,” movement disorders (e.g., Parkinson’s disease),

57,78 109,110 . . 10 : 10 . .
787910910 31d behavioural disorders'” (e.g., depression).'” The reduction in

epilepsy,
seizure duration over non-irradiated controls in rats using microbeams has been
demonstrated without any related neurological deficits’>''" (Fig. 1.13).  Finally,
microbeam irradiation may be used to temporarily disrupt the blood brain barrier for the
delivery of drugs in the brain.®®">”
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Figure 1.13 Reduction in seizure duration in control and microbeam-irradiated
rats. Geometry (microbeam width X spacing): 100 pm % 400 um or 600 um X
1200 pm. Peak dose: HD = High dose protocol (360 Gy (100 um) and 150 Gy
(600 um)). LD = low dose protocol (240 Gy (100 pm) and 100 Gy (600 pum)).
(Image reproduced from: P. Romanelli et al., "Synchrotron-Generated
Microbeam Sensorimotor Cortex Transections Induce Seizure Control without
Disruption of Neurological Functions," Plos One 8, 53549 (2013)."'%)

1.2.7  Future directions of microbeam radiation therapy

At the European Synchrotron Radiation Facility (ESRF), an expert panel recommended
the treatment of spontaneous tumours in larger animals (cats and dogs) as the next step in

57,111

progressing toward MRT clinical trials. The knowledge gained from extending the

geometric and dosimetric protocols for the treatment of rodents will hopefully provide
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insight into the adaptation of MRT parameters from large animals to humans, if and when
clinical trials are started. In preparation for large animal treatments, a dedicated MRT
hutch was built on the ID17 beamline that included MRT-specific equipment and safety

' Although the ESRF has the most experience in MRT experimentation,

sys‘[ems.11
similar plans for moving toward clinical trials are shared by the Australian Synchrotron
and the Canadian Light Source.

Despite these plans, the progression of MRT research, and clinical
implementation, is limited by the availability of alternative, more readily available x-ray
sources capable of achieving the spatial fractionation required for MRT. One potential
alternative source is a significantly smaller and less expensive accelerator compared to a
synchrotron light source. High energy x-rays would be produced through inverse
Compton scattering between a high-energy electron produced by the accelerator, and

M2 1t s estimated that the source could achieve

laser-generated low-energy photons.
dose rates of 10000 Gy/s, cost less than 15 million US dollars, and have a diameter of
less than 5 m.'"”> A more compact source based on carbon nanotube field emission is also

114-118
d.

being investigate The carbon nanotube source can produce microbeams that are

approximately 300 um wide, with an instantaneous dose rate of 2 Gy/s at 160 kVp.115 116
To compensate for the low dose rate, the developers have demonstrated the potential for

physiological gating to minimize motion-induced blurring.'"®

1.3 Microbeam radiation therapy: Dosimetry

Accurate dosimetry is important for the proper interpretation of animal studies, and for
progress toward clinical trials in MRT. There are well-established dosimetric protocols
for conventional radiotherapy, and overall uncertainties of less than 3 % are desired.'"’
However, because MRT dose distributions and irradiation conditions are drastically
different from conventional methods, MRT dosimetry is uniquely challenging. Firstly,
MRT is performed at extremely high dose rates, up to several kGy/s, and thus any
potential dosimeter must not become saturated by the rapidly accumulated signal.
Secondly, a dosimeter with fine spatial resolution is required to accurately characterize

the microbeam pattern, and particularly the sharp dose gradients at the edges of the
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microbeams. Thirdly, a single dosimeter must have a wide dynamic range to measure the
high doses (100s of Gy) in the microbeam path, and the low doses delivered between the
microbeams. Finally, x-ray energies are relatively low (compared to conventional
energies produced by a clinical linear accelerator), and in this region the energy response
of many materials becomes non-linear. Presently, there is no single dosimeter that can

sufficiently overcome these challenges.

1.3.1 Theoretical dosimetry for microbeam radiation therapy: Monte Carlo simulations

Monte Carlo is a statistical technique that employs random numbers and probability
distributions to converge upon a solution. Monte Carlo has a wide range of applications
including the transport of ionizing radiation in matter. For radiation transport, each
particle sampled from a beam is simulated through successive interactions until it either
exits the geometry or its energy reaches a pre-defined cut-off value. The trajectory of
secondary particles created during the primary particle’s interactions, are also followed in
a similar step-by-step fashion. Monte Carlo simulations have been used extensively in
the calculation of dose depositions in conventional radiotherapy. Because Monte Carlo
methods are not limited by the physical challenges described in the previous section,
theoretical dosimetry has been relied upon heavily since the earliest MRT studies.
Instead of the physical limitations described above, Monte Carlo simulations are
restricted by the accuracy of the implementation of the physical models, statistical
uncertainty, and the representation of the x-ray source and geometry.

At the photon energies present in MRT (up to a few hundred keV), the important
photon interactions are Rayleigh scattering, Compton scattering and the photoelectric
effect. Secondary electron interactions include elastic scattering and inelastic scattering.
The differential cross-sections for the various interactions are given in Table 1.2 (with the
coordinate system shown in Fig. 1.14) for both non-polarized and polarized conditions.
The details of how each of these interactions are implemented depends on the physical

models implemented, and thus on the choice of Monte Carlo environment.
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Table 1.2 The differential cross-sections for non-polarized and polarized x-rays for the three relevant interaction types for MRT.
ro is the classical electron radius, 6/0, is the polar angle of photon/photoelectron, ¢/4, is the aximuthal angle of the
photon/photoelectron, F(g,Z) is the atomic form factor, ¢ is the momentum transfer, Z is the atomic number, &, is the initial/final
wave vector, o is the fine structure constant, 7 is the reduced Planck’s constant, ¢ is the speed of light, a, is the Bohr radius for
hydrogen, v, is the velocity of the photoelectron, and m, is the electron mass.

Interaction Cro.ss- Non-Polarized X-Rays Polarized X-Rays

Section
Rayleigh 40, Iy (1 +cos> Q)FZ( 7) r (1 - sinzﬁcosz(p) F*(q,Z)
scattering dQ 9 % 0 ’

2 2

do 2k (ko k. Sk N\ (K, .
Comptgn KN VL —f _f+£_31n29 O e —f+£—2sinz¢9cosz¢
Scattering do 2\k )\ k & 2\k )\ ki Kk,
Photoelectric ~ dOp, 16-a-[ ). A ~ sin’ g, YA z sin’ g, -cos’ ¢,
Absorption do my ) ¢k - (k,-a,) (1 — . cos 6{2)4 my ) e ki (k- ap) (1 - cos ‘9@)4

26



Figure 1.14 The coordinate system for the differential cross-sections given in
Table 1.2 where k;; is the initial/final wave vector, E is the electric field vector, 6
is the polar angle, and ¢ is the azimuthal angle.

There are multiple options for Monte Carlo packages for the transport of ionizing
radiation, and many have been used for the calculation of MRT dose distributions:
EGS4,>+12%120 EGS5,'%41%° PSI-GEANT,'?® GEANT4,'**° PENELOPE,""*'"'*% and
MCNPX.""®  Comparisons of the deposited dose from cylindrical and planar
microbeams in water and PMMA were calculated with different MC codes
(PENELOPE,'*" EGS4,'*' MCNPX'* and GEANT4'* )."* The differences between
the results from PENELOPE and any other code were within 3 % in the peak regions, and
did not exceed + 20 %, and discrepancies were largest in the distance range 10 — 1000 pm
(at the edge of the microbeam and extending into the valley region), where the transport
of electrons is the dominant mechanism for dose deposition.'”* A separate study showed
excellent agreement between PENELOPE and GEANT4-Penelope (shares an analytical
approach with PENELOPE for low energy applications). The version of GEANT4 using
its own low energy model (the original evaluated data libraries) shows a much greater
difference (up to 65%) from PENELOPE’s results.'”” Again, the differences are
attributed to the cross-sections and the algorithms for tracking secondary particle

interactions.'?’
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Accurate description of the x-ray beam source is critical to the overall accuracy of
a Monte Carlo calculation. This description requires information on each particle’s
energy, polarization, position and direction. The energy spectrum of the synchrotron x-
ray beam is challenging to obtain experimentally. The incident photon beam is too
intense to directly measure the energy spectrum with, for example, a semiconductor
detector. One indirect method uses x-ray powder diffraction'* to reconstruct the incident
beam energy spectrum based on the measured energy spectrum scattered into a given
solid angle after interaction with a crystalline powder. Alternatively, the energy spectrum
can be determined analytically with software packages (e.g, SPECTRA'* and
PHOTON'"" ) based on the theoretical description of synchrotron radiation (Chapter 2).
Early Monte Carlo studies have systematically studied the effect of the incident photon

1 5 : 54,124,126,127,132,134
energy on the resultant dose distribution.>*!?*!26:127:132

Increasing initial energy
provides greater penetration, potentially allowing the treatment of deeper lesions.
However, increasing energy also leads to a wider penumbra and consequently more dose
delivered in the valley region. This reduces the degree of spatial fractionation delivered
by the microbeams, thus diminishing the MRT sparing effect. The optimum energy for
MRT would provide the best compromise between spatial fractionation and beam
penetration.

The synchrotron x-rays produced for MRT experimentation are linearly polarized
in the horizontal plane, orthogonal to the direction of propagation. The polarization
introduces an angular dependence on the azimuthal angle (4, Fig. 1.14) for the direction
of scattered photons or photoelectrons. Figure 1.15 demonstrates the angular dependence
of scattered photons or emitted photoelectrons for a 100 keV incident photon undergoing
Rayleigh scattering, Compton scattering, and the photoelectric effect for non-polarized
(top row) and polarized (bottom row) conditions based on the formulae in Table 1.2. The
photon is traveling in the z-direction, with linear polarization directed along the x-axis.
For Rayleigh and Compton scattering, the photons are preferentially scattered along the
height of the microbeam or in the direction of propagation, while the photoelectrons are
preferentially scattered into the valley regions. There have been a few studies on the

122,130,148

effect of polarization on dose distributions with unclear results. The most recent

report employing Geant4 demonstrated differences in deposited dose of no more than 3%
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in the microbeam path between polarized and unpolarized incident photons, and thus it
was concluded that polarization has relatively little impact on dose calculations for

clinical trials. '*°

Rayleigh .‘_‘Ecatterlng Compton Scattering Photoelectric Effect
7 £

"
b uin i
T

e

I""H-mﬁ*

Figure 1.15 The angular distribution of 100 keV incident photons for non-
polarized (top row) and linearly polarized (bottom row). The distributions
correspond to a microbeam traveling in the Z-direction, with height in the Y-
direction, width in the X-direction, and polarization along the X-axis. The
associated differential cross-sections are given in Table 1.2. For each case, red
and blue indicate the maximum and minimum cross-section values, respectively.

The majority of MRT Monte Carlo simulations have been performed with
idealized microbeam geometry. A single, uniform, parallel microbeam is modeled at the

54,120,121,126,127,132,134,136 . . . .
120.121,126,127, 132,134, This reduces the simulation time, but

surface of the phantom.
means the source size, photon beam divergence, scatter and interactions with the
collimator, and scatter in the air are ignored. The transition from a single microbeam
dose distribution to a microbeam array dose distribution has most often been performed
by a simple superposition procedure. Individual microbeam dose distributions are added
with an incremental shift equal to the desired center-to-center spacing of the microbeam
array.'*"?>13*+13% The first study on the effect of more realistic geometry in Monte Carlo
dose distribution calculations was published by Nettelbeck ef al. in 2009.'"* The authors

considered the effect of modeling the distributed photon beam source, the photon beam
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divergence, the multi-slit collimator (MSC), and the array model. The authors
demonstrated that the distributed photons source resulted in an up to ~30% change in
dose, but only in the very narrow penumbral region. The explicit modeling of the beam’s
divergence had the greatest effect on penumbra and valley dose, out to ~ 200 um from the
center of a 50 pm microbeam, where the results are shown in Fig. 1.16.'* The
asymmetry of the stacked MSC (Fig. 1.8) affected the FWHM of off-centre microbeams
by up to 4 um. Finally, for a symmetric MSC, the superposition of a single microbeam

dose distribution to achieve a full array dose distribution was deemed to be sufficient.'*’

Effect of the beam divergence Effect of the beam divergence
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Figure 1.16 The impact of modeling beam divergence (42 m source to phantom
distance) versus parallel photons incident on the phantom surface for a 50 um
wide microbeam. (Image reproduced from: H. Nettelbeck et al., "Microbeam
radiation therapy: A Monte Carlo study of the influence of the source, multislit
collimator, and beam divergence on microbeams," Med. Phys. 36, 447-456
(2009)149 with permission from the American Association of Physicists in
Medicine and the author).

Martinez-Rovira et al. moved further from the ideal microbeam model by

7 The beamline model

developing a model specific to the ESRF ID17 beamline."”
followed the photons from source to patient position using a synchrotron ray-tracing
program and Monte Carlo simulations, to create a phase space file for subsequent Monte
Carlo simulations. The model was validated by comparing the computed dose
distributions against measurements using Gafchromic® film (Ashland Specialty
Ingredients, Inc., Bridgewater, NJ). The phase space file created by Martinez-Rovira et

al. was further analyzed by Bartzsch et al. (2014), and demonstrated that Monte Carlo
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simulations using the phase space information versus without resulted in an approximate

130

10% increase in the valley dose. Differences were attributed to a non-uniform flux

profile across the uncollimated beam, the geometrical effects of the beam traversing the
edges of the MSC, and the inadequate absorption of the MSC’s attenuating material.'*’
The authors concluded that the ideal microbeam is not an adequate approximation for
MRT dose distribution calculations.'*’

The beamline model developed by Martinez-Rovira et al.*’ was incorporated into

a Monte Carlo-based treatment planning system (TPS)."**

The optimized and parallelized
TPS computes dose distribution based on voxelized CT data for upcoming clinical trials
on pets in a reasonable time (~ 1 day, 60 cores).”*® An alternative analytical approach to
an MRT TPS that could reduce computation times down to a few minutes has been
developed by Bartzsch and Oelfke (2013)."” The authors established an analytic
approach to the calculation of dose kernels for 40 — 200 keV photons, and validated them
by comparing to Monte Carlo generated dose kernels using the Geant4 toolkit and

showed a deviation of the analytically and Monte Carlo-calculated dose kernels of less

than 5% for doses greater than 1% of the maximum dose.'*’

1.3.2  Experimental MRT dosimetry

Experimental dosimetry for MRT is often separated into two domains. First, absolute or
reference dosimetry is determined in the non-collimated x-ray beam. Although the
demands for spatial resolution and dynamic range are relaxed in broad beam dosimetry,
the dosimeter’s energy dependence and response to high flux must be suitable for the
synchrotron x-ray beam. Second, a relative or reference dosimetric system to

characterize the peak and valley doses in the collimated beam is required.

1.3.2.1 Broad beam synchrotron dosimetry

Even before collimation, the synchrotron photon beam used for MRT
experimentation is wide in the horizontal direction, but narrow (< 1 c¢m) in the vertical
direction due to synchrotron radiation’s low natural divergence (described further in

Chapter 2). The x-ray beam is often collimated in the vertical direction (to < 1 mm) to
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reduce the non-uniformity of the roughly Gaussian-shaped beam. The phantom or animal
is scanned vertically through the beam to increase the effective field size. Dosimeters in
the homogeneous field must withstand the high dose rates, and must have a correctable
energy response. Additionally, in preparation for clinical trials, they must provide an
absolute or reference measurement traceable to a primary standards institute.

At the European Synchrotron Radiation Facility (ESRF), cavity ionization
chambers are used for broad beam dosimetry by vertically scanning the chamber through
the collimated field.’”"*® Cavity ionization chambers measure the charge produced as x-
rays interact with the cavity medium (usually air), which can be related to dose under
specified calibration conditions. Ionization chamber dosimetry is accurate, reproducible,
and provides real-time measurements. For low energy photons, the energy dependence of
an ion chamber is an important consideration. This energy response is a function of the
chamber’s material construction, most specifically that of the wall and central electrode.
The spatial resolution of an ion chamber depends on its geometry, particularly the size of
its active volume. The dynamic range of an ion chamber is limited by the range of the
associated electrometer. The greatest challenge in cavity chamber dosimetry for
microbeam radiation therapy conditions is the reduction in ion collection efficiency in the
high dose rate synchrotron beam. Ion recombination corrections can be determined
experimentally (e.g., two-voltage method'*"), or theoretically with Boag’s treatment.'**
The dose rate on the Australian Synchrotron’s imaging and medical beamline has

53 e .
Free-air ionization chamber

been investigated using two free-air ionization chambers.'
dosimetry is performed by directly measuring exposure, and converting that to dose using
the average energy required to produce an ion pair in air. The greatest advantage of using
a free air ionization chamber over a cavity chamber is that there is no calibration

152 .
However, a free air

required, and it thus provides an absolute dose measurement.
ionization chamber requires a number of experimentally and theoretically determined
correction factors. Additionally, like for cavity ionization chambers, at sufficiently high
dose rates recombination corrections become increasingly difficult to apply accurately.
Alanine has also been used as a dosimeter for the high intensity synchrotron x-ray
beam at the European Synchrotron Radiation Facility (ESRF)."*!** Alanine dosimeters

consist of finely dispersed microcrystals of the amino acid alanine suspended in a binder,
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typically available in the form of pellets or rods of varying sizes. Upon exposure to
ionizing radiation the chemical becomes de-aminated, leaving a free radical."” The
absorbed dose is proportional to the concentration of these unpaired electrons, and is
quantified via electron spin resonance (ESR) or electron paramagnetic resonance (EPR)

spectrometry. 199

Alanine is an appropriate dosimeter for broad beam dosimetry in
synchrotron radiation under the conditions used for microbeam radiation therapy because
it can cover wide dose ranges (~ 0.5 — 100,000 Gy)">"’ and is unaffected by the
extreme dose rates.”>'>® Additionally, alanine dosimetry is trusted; EPR readouts of the
dosimeters are used as a dosimetric reference standard by several institutions."”” The
spatial resolution of the dosimeter is limited by the smallest available pellet size, which is

approximately 1 mm in the smallest dimension.'%%1%!

The greatest disadvantage of the
dosimeter is its energy dependence. In Waldeland and Malinen (2011), the experimental
and Monte Carlo-predicted energy response correction of an alanine dosimeter was
determined for medium-energy x-rays, and clinical electrons and photons.'®* The dose-
to-water energy response (with reference to Co-60 y-rays) was found to be between 0.725
and 0.935 for x-rays between 50 and 200 kV.'®® Additionally, the dosimeter readout is
typically achieved by mailing the dosimeter to the vendor, which is an expensive and
delayed process.

Finally, graphite calorimetry has been assessed for the absolute dosimetry on the
Imaging and Medical Beamline (IMBL) at the Australian Synchrotron.'” Calorimetry
allows absolute dosimetry by equating a rise in temperature to energy deposition after

PSR s g 164,165
exposure to ionizing radiation.

The major advantage of calorimeters is that they
require no dose rate correction; for this reason, calorimeters may prove more accurate
than free air chambers at the high dose rates possible in a synchrotron x-ray beam.
Calorimeters do require a conversion from absorbed dose to graphite to absorbed dose in
water, which can be determined from Monte Carlo calculations based on the energy
spectrum of the photon beam.'® After this conversion, the graphite calorimetry results of

Harty et al. agreed within 1 — 3 % to measurements taken with a free air ionization

163
chamber.
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1.3.2.2 Microbeam dosimetry

Like the broad beam dosimeters, an appropriate dosimetry system for MRT must
be able to withstand dose rates up to approximately 20,000 Gy/s, and must have a well-
understood energy dependence in the energy range of interest. In microbeam dosimetry,
a potential complication in terms of energy dependence is introduced due to a slight shift
in energy spectrum between the x-rays depositing dose in the peak versus the valley
regions.'””  In addition to the requirements common to broad beam dosimetry,
additionally a very high spatial resolution (on the order of 1 um) is required to
characterize the dose distribution in, not only the peak and valley regions, but also in the
high dose gradient region at the interface of these two regions. Finally, a dosimeter for
microbeams must be able to measure the high doses in the peak region (up to ~ 1000 Gy)
and the lower doses in the valley regions (down to approximately 1 Gy). A thorough
review of potential dosimeters for MRT is given by Briuer-Krisch et al. (2010);"°
selected dosimeters will be presented next.

Gafchromic radiochromic film (Ashland Specialty Ingredients, Inc., Bridgewater,
NJ) has many advantages for MRT dosimetry, and has been used in this field for many
years. Upon exposure to ionizing radiation, radiochromic film undergoes a self-
developing color change due to a chemical change in its radiosensitive layer. A
quantitative measure of the net optical density is achieved through digitization with a
transmission densitometer, a flat bed scanner or a spectrophotometer. The optical density
can be related to absorbed dose based on the sensitometric curve of the radiochromic
film. The greatest advantage of radiochromic film for MRT is its very high spatial
resolution. The effective spatial resolution is usually limited by the digitization process
and not by the film itself. Different types of film have different sensitivities that are
appropriate for the wide range of doses in a microbeam array dose distribution. In
previous studies Gafchromic EBT film (now EBT2 and EBT3 models available), with a
dose range of ~ 0.01 — 40 Gy,'**'*” has been used to measure lower doses. Higher doses
have been measured with Gafchromic HD810 and the newer HDV2, which has a dose
range of ~ 10 — 1000 Gy.'**'%” The peak-to-valley dose ratio (PVDR) has been measured
with film in two ways: pieces of the higher-sensitivity EBT2 film and the lower

sensitivity HD-810 film are placed back to back to simultaneously measure the valley
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dose with EBT2 and the peak dose with HD-810.'* Alternatively, the peak and valley
dose can both be measured with HD-810 film if the peak dose is measured, then a second
exposure is taken, scaled up by the expected PVDR, to measure the valley dose.'” There
is little published on the dose rate dependence of radiochromic film response, particularly
at the high dose rates produced at a synchrotron. However, to this point there has been
no evidence of a dose rate effect causing problems. Other advantages of radiochromic
film are that it is relatively simple to handle and is relatively inexpensive.

There are some limitations of radiochromic film for MRT dosimetry. Although
radiochromic films are nearly tissue equivalent (the effective atomic number of HD-810
is between 6.0 and 6.5'"" and is 6.98 for EBT'’?), there is an energy dependence at low
energies. Varying values are given for the energy dependence of EBT,'”? EBT2,'”*'™
and EBT3,'">!"® but all indicate the strongest energy dependence in the energy range of
approximately 20 — 100 keV, which is highly relevant for MRT. With a 30% decrease in
response from 1710 to 28 keV, a greater energy dependence was demonstrated for HD-
810."”7 Another limitation is the loss in spatial resolution through digitization. A single
sheet of radiochromic film has non-uniformity of up to 7% for HD-810,'”” while EBT3

has a uniformity of better than 3%.'%

Finally, while valuable qualitative measurements
can be taken at the time of irradiation, quantitative measurements should be delayed by at
least 8 hours to allow the film response to stabilize.'”®

Research into the use of semiconductors for MRT dosimetry has also been

133,179-183

ongoing for over a decade. Early studies investigated the use of MOSFET (metal

oxide semiconductor field effect transistor) chips in the “edge-on” orientation to achieve

the high resolution (< 1 um) required for MRT.'*?

MOSFETs also provide a nearly
instantaneous “online” reading, and their sensitivity can be adjusted based on the
application.'"®!  Although they can demonstrate radiation damage after some time, they
show no dose rate dependence.181 There are, however, two major drawbacks of
MOSFETs for MRT dosimetry. First, because they are composed primarily of silicon,
they exhibit a strong energy dependence at the low energies of interest. Additionally, the
alignment of the chip to achieve high resolution is difficult and time-consuming.'®

PVDR measurements using edge-on MOSFETS were within 5% of the Monte Carlo

calculated values for several depths within a PMMA phantom.'® Discrepancies were
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attributed to the energy dependence of the detector and the change in energy spectrum
with depth.'®?

An alternative semiconductor device is the silicon strip detector under

184-186

development specifically for MRT dosimetry. The silicon strip detector is one

component in the two-module X-Tream quality assurance system (Fig. 1.17(a, b)).'*
The detector scans a microstrip silicon diode laterally across the microbeam array and
calculates the peak and valley doses and positions, the PVDR, and the peak shape. The
strip thickness (10 pum) dictates the spatial resolution of the system, which provides
sufficient resolution for measurements in the peak and valley regions, but not the high
dose gradient regions. The device has a large dynamic range (10 — 50000 Gy),"’
satisfying the requirements for the measurement of both peak and valley doses. Another
advantage is that the design allows the detector to measure dose distributions in a water

tank or Solid Water phantoms.'™

Like MOSFETS, the greatest inherent disadvantage of
the silicon strip detector is its high energy dependence at low energies. A measurement
of the PVDR at the ESRF with depth in PMMA, compared to Monte Carlo calculated

8% The results show similar trends between the

values, is shown in Fig. 1.17(c).
theoretical and experimental values, but the experimental PVDRs were 4.5 times less
than the calculated values, which may be attributed to recombination effects, energy

dependence, and partial volume effects.'®*

The second component of the X-Tream
system is a real-time beam monitoring system positioned between the MSC and the
patient during treatment. It monitors the peak and valley flux across the array, and
generates a trigger to disrupt the synchrotron beam if there is a reduction in the quality of

the microbeam array distribution.'*
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Figure 1.17 (a) A close up of the single microstrip silicon diode detector, and (b)
a schematic of the detector’s cross-section (Images reproduced from: M.
Petasecca et al., "X-Tream: a novel dosimetry system for Synchrotron
Microbeam Radiation Therapy," Journal of Instrumentation 7, P07022 (2012) '*¢
with permission from the copyright holder and author.) (¢) The PVDR measured
with the Si strip detector compared with Monte Carlo calculations of the PVDR
(Reprinted from Radiation Measurements, 46, M.L.F. Lerch et al., "Dosimetry of
intensive synchrotron microbeams," 1560-1565, Copyright 2011, with permission
from Elsevier. '*)

Like radiochromic film, PRESAGE radiochromic plastic undergoes a color
change following exposure to ionizing radiation. Combining PRESAGE phantoms with

an optical computed tomography (CT) readout system has been investigated as a potential

187,188

three-dimensional MRT dosimeter. The degree of color change, quantified as the

change in optical density, is linear with the absorbed dose.'"”” PRESAGE has a dose

150

range appropriate for MRT (~ 10 — 500 Gy). However, the energy dependence of

PRESAGE in the kilovoltage energy range requires correction, and its magnitude changes

with different formulations.'®

The dosimeter is also limited by the optical CT readout
technique, which has shown a maximum spatial resolution of 37 um thus far.'”
Annabell ef al. achieved an extremely high spatial resolution (78 nm) using confocal

' The authors

fluorescence readout of PRESAGE gel after microbeam irradiations."
claimed that PRESAGE has better intrinsic spatial resolution than Gafchromic film, and
is thus a superior method of characterizing MRT dose distributions.""

Fluorescent nuclear track detectors (FNTDs) are a new type of luminescent
detector made of fluorescent aluminum oxide single crystals doped with carbon and

192,193

magnesium. The FNTDs are read with a scanning confocal fluorescence readout
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194

system (0.85 wm resolution). " The dose response to gamma and x-rays is linear up to

194

nearly 30 Gy, and doesn’t completely saturate until 100 Gy.”" They can also withstand

dose rates up to 10° Gy/s."™® The detectors are simple to handle in that they are not light
sensitive, they do not fade with time, and they are thermally stable up to 600°C. A

drawback of these detectors is their over-response with respect to water.'*’
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Figure 1.18 The photoluminescence spectra after x-ray irradiations of the SM-
doped fluorophosphates glass lasting 2, 50 and 200 seconds. (Reprinted with
permission from G. Okada et al., "Spatially resolved measurement of high doses
in microbeam radiation therapy using samarium doped fluorophosphate glasses,"
Appl. Phys. Lett. 99, 121105 (2011)." Copyright 2011, AIP Publishing LLC.)

Another high spatial resolution dosimeter relying on fluorescence confocal
microscopy readout is samarium-doped fluorophosphate or fluoroaluminate glasses, or

19519 The dosimeter is based on the conversion of the oxidation state of

glass ceramic.
samarium (Sm’" to Sm®>") upon exposure to ionizing radiation. The change in the
oxidation state leads to changes in the photoluminescence spectrum of the irradiated

material (Fig. 1.18). The intensity of the lines is proportional to the concentration of their
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respective ions, which can be related to the amount of dose delivered to the dosimeter.
The dynamic range of the materials depends on their make up and doping levels, but a

range of up to 0.1 — 10000 Gy is possible."””'"®

The ability to characterize microbeam
array dose distributions with a spatial resolution in the micrometer range has been
demonstrated.'”'”” Additionally, the detector can be reused after thermal annealing or
exposure to ultraviolet light."””'*® A potential draw-back is the lack of tissue-equivalence

and energy dependence of the material (not yet quantified).

1.4 Thesis outline

The research presented in this thesis was motivated by the development of two
biomedical beamlines at the Canadian Light Source (CLS). These BioMedical Imaging
and Therapy (BMIT) beamlines were constructed to provide the opportunity for novel
imaging and therapy research, including MRT, in Canada. Initially, our research plans
focused on the development of dosimetry for MRT on the higher energy, higher flux
BMIT beamline (05ID-2) based on the expectation of a forthcoming MRT research
program on the beamline. Long delays limited access to this beamline, but the lower
energy, lower flux BMIT beamline allowed our research, with shifted and broadened
goals, to continue.

This chapter provided the context and background on microbeam radiation therapy
necessary to motivate our work. In Chapter 2, a general description of a synchrotron
light source and synchrotron radiation is provided. Additionally, an overview of the
Canadian Light Source (CLS) and its two BioMedical Imaging and Therapy (BMIT)
beamlines, where the experimental work has taken place, is given. In Chapter 3, a
general description of the BMIT beamlines’ characteristics, as determined theoretically
and experimentally, are described. The information in this chapter formed an important
basis for the rest of the thesis work. Chapters 4 and 5 will discuss broad beam dosimetry
on the 05B1-1 BMIT beamline using a free air ionization chamber and cavity ionization
chamber, respectively. This work applied clinical dosimetric frameworks to the pre-
clinical radiation environment at the BMIT beamlines. Chapter 6 will describe

theoretical dosimetry for the 05ID-2 beamline using Monte Carlo simulations in cubic
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head phantoms. The Monte Carlo-generated dose distributions were used to evaluate
potential dose-volume metrics for MRT. This work demonstrated the potential for the
BMIT 05ID-2 to host MRT research. Finally, Chapter 7 will present a biological study
that employs y-H2AX immunostaining and cell morphology to investigate the DNA
damage response and cell fate, in terms of apoptosis and growth arrest, in human cell
cultures following microbeam irradiations. Chapter 8 is a concluding chapter to the

thesis.
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2 THE PRODUCTION OF SYNCHROTRON RADIATION
AND THE BIOMEDICAL IMAGING AND THERAPY
BEAMLINES AT THE CANADIAN LIGHT SOURCE

2.1 Introduction to synchrotron radiation

Synchrotron radiation (SR) is the general term for the electromagnetic radiation emitted
by a relativistic charged particle deflected in a magnetic field. SR was first recognized,
and the name coined, in 1947 at the USA’s General Electric synchrotron,'” a type of
accelerator that synchronously changes magnetic field strength as particle energy is
increased.  Originally SR was considered a nuisance for researchers at particle
accelerators because it was an energy loss mechanism of the accelerated charged particle,
but the potential of SR for research was eventually recognized due to its unique
characteristics. Experimentation with SR was first performed in a parasitic fashion on
accelerators used for particle physics. These are described as first generation SR sources.
In the 1980’s, specialized particle accelerators, called synchrotron light sources, were
built for the sole purpose of producing SR from dipole magnets, and these are referred to
as second generation sources." Current designs (third generation sources) use insertion
devices to optimize SR spectral brightness (photons-s”*mrad*mm™(0.1 % bandwidth)™").
Today there are approximately 40 third generation synchrotron light sources around the

world.*

2.2 Overview of a synchrotron light source

A synchrotron light source consists of multiple major components that enable a beam of
relativistic charged particles to circulate in a closed orbit for an extended period of time
producing SR whenever the particles follow a curved path. A generic schematic for a
synchrotron is shown in Fig. 2.1. Essentially, to produce useful SR, an intense beam of
high-energy charged particles traveling through large magnetic fields is required. A
synchrotron light source accelerates either electrons or positrons (although for simplicity,

only electrons will be referred to from now on) to nearly the speed of light, and stores
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them in an evacuated pipe (vacuum chamber) composing a closed orbit that is established
through a magnet lattice. A description of a synchrotron light source, from initial beam
production in the injector, through storage at a constant energy in the storage ring, and

experimentation using SR in a beamline, will be discussed in the following subsections.
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Figure 2.1 A schematic of a synchrotron light source highlighting the major
components: the linear accelerator, booster ring, storage ring, and beamlines.
(Image courtesy of Canadian Light Source, Inc.)
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2.2.1 Injector

The injector system produces an electron beam and accelerates it to its target energy after
which the electrons are transferred to the storage ring. There are different types of
injectors, but all must accomplish five functions: the production of free electrons, an
initial acceleration of the non-relativistic electrons to relativistic energies, a second
acceleration to the target energy, extraction from the injector, and injection to the storage
ring.’

The electrons originate at an electron gun. Often, this is a cathode with a high
voltage applied under vacuum that generates electrons via thermionic emission. Electric
and/or magnetic fields are used to focus and accelerate the free electrons into the next

stage of the injector. For many synchrotron light sources that operate in the GeV energy
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range, the injector is composed of both a linear accelerator, which can accelerate non-
relativistic electrons to several hundred MeV, and a booster synchrotron (referred to as
the booster ring) that can achieve energies up to several GeV.

The linear accelerator consists of a series of cavities in which the electrons gain
energy as they travel a linear path. The accelerating energy is provided by klystrons
generating high power radiofrequency (RF) fields. Typically the electrons are
accelerated to a few hundred MeV before being transported to the booster ring. The
booster ring is a cyclic accelerator, and thus allows the electron beam to gain energy as it
repeatedly traverses the same accelerating section. The closed orbit is maintained
through the presence of dipole magnets, which cause the electrons’ trajectories to curve
due to the Lorentz force. Because the electrons are constantly gaining energy as they
circulate in the booster ring, the magnetic and RF fields must increase concurrently.
Once the electrons reach their target energy (several GeV), they are “kicked” using
magnetic fields out of the booster ring and into the storage ring.” For many light sources,
the injector is only operated for a short time with long intervals between the injection of
electrons into the storage ring. The injector refills the storage ring current to its
maximum value after decay of the current or after some interruption in operation.
Alternatively, the synchrotron light source may operate in “top-up” mode: the injector is

used to maintain the storage ring current at a near constant level by frequent injections.

2.2.2 Storage ring

In the storage ring (Fig. 2.2) the electrons circulate within a vacuum tube and produce SR
upon each deflection in a magnetic field. The storage ring consists of straight sections
connected at nodes where bending magnets (BMs), which are dipole magnets, are
situated to curve the electron paths into the adjoining straight section. The angle at which
the electron paths are bent as they pass through each dipole depends on the number of
nodes and straight sections. The BMs are required to keep the electron beam in a closed
orbit, and thus the total bending from the dipole magnets will sum to 360°. In third
generation synchrotron light sources, SR is produced as electrons pass through the

magnetic fields of BMs at the nodes, as well as in magnetic arrays known as insertion
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devices (IDs), which are placed in the straight sections of the storage ring. The
characteristics of the various magnetic structures and the radiation they produce will be

discussed in more detail in section 2.4.

To Bending Magnet
2~ Beam Line

To Wiggler
Beam Line

Vacuum Chamber

Figure 2.2 A schematic for a storage ring highlighting some main features,
including the injection magnet, BMs, IDs (undulators and wigglers), the RF
cavity, and vacuum chamber. (Image used with permission from "How do
synchrotrons work?" http://pd.chem.ucl.ac.uk/pdnn/inst2/work.htm.")

There are several other magnet types distributed around the storage ring that serve
multiple functions. The arrangement of the magnets in the ring compose its lattice, which
affects both electron and photon beam parameters. Quadrupole magnets are required to
focus the electron beam. Sextupoles, and possibly even higher pole order magnets, are
present to account for energy-dependent focusing (e.g., the increase in focal length with
increasing particle energy) in dipoles and quadrupoles.® Additionally, there are small
orbit corrector magnets to correct the electron beam trajectory, and magnets present to
manage injection from the injector into the storage ring.

There is ultra high vacuum (< 10" atm) in the storage ring to reduce interactions
between electrons and air molecules. The vacuum system is composed of many parts,
including the vacuum tube, ion pumps to sweep away molecules and maintain the high
vacuum, gauges to monitor the pressure, and a valve system designed to rapidly contain

any detected vacuum leaks to a limited section of the storage ring. Beam lifetime (the
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time it takes for the storage ring current to reduce to 1/e of its initial value) is heavily
influenced by electron interactions with air (and other gas) molecules. Interactions
between electrons and gas molecules include Coulomb scattering and the production of
bremsstrahlung radiation.” These interactions may cause the electrons to be lost from the
beam if the energy loss is large enough. Alternatively, collisions involving minimal
energy loss cause an increase in the electron beam’s transverse size. The electron beam
itself is the greatest source of molecules within the vacuum tube. The electron beam, or
the SR produced, causes desorption of gas molecules from the vacuum tube’s surface.’
Although the interaction with air molecules is usually the most significant mechanism for
the reduction in storage ring current, it is not the only mechanism. There are losses due
to the quantum nature of SR emission, specifically if the energy lost by the electron
during emission is great enough that the electron will lose its place in the stable orbit, and
consequently the electron beam.” Additionally, there are electron-electron interactions
within the electron bunch (Touschek scattering) that can also lead to large energy losses,
and thus lost particles. Touschek scattering increases with increasing electron density
within the beam, and thus occurs to the greatest extent at high storage ring currents.’
Beam lifetime determines the rate at which the storage ring current decreases, the time
between refills, and thus how frequently the injector system is required.

Radiofrequency cavities located in one or more straight sections are another
necessary feature of the storage ring.'"’ They are required to maintain the electron beam
energy at its target value following losses due to radiation emission and interactions with
air molecules or other electrons. The lost energy is replaced as the electrons cross the
accelerating gap of the RF cavity during each lap around the storage ring. The direction
of the electric field within the resonant cavity alternates with time, which bunches the

beam.'’

This bunching is required to ensure that individual electrons remain within a
stable interval in terms of their energy and phase with respect to the RF so that they
continue circulating in the storage ring. The regions of stability (in longitudinal phase
space) are known as RF buckets (Fig. 2.3). The RF system’s frequency and voltage
influences the maximum number of bunches in the storage ring, the bunch length, and the

.. . . 10 .. .
minimal distance between consecutive bunches.” The bunch characteristics, in turn,

determine the time structure of the emitted SR, which is relevant for time-resolved
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experiments (e.g., ultra-fast spectroscopy). The voltage across the accelerating gap of a
cavity must not only account for the energy lost due to the production of SR in the BMs
and IDs, but must account for the quantum nature of SR production, losses to the vacuum

tube, and for losses in the RF system itself."

AE A

'~._— RFvoltage

«— RF bucket

Figure 2.3 A representation of the RF voltage, RF bucket and electron bunch in
longitudinal phase space. (Image adapted from: S. Baird, "Accelerators for
Pedestrians," European Organization for Nuclear Research, CERN AB-Note-
2007-014 OP (2007)."")

2.2.3 Beamlines

Beamlines are built tangential to the storage ring and capture the SR emitted at BMs or
IDs so it can be used for research. Beamlines are composed of three distinct sections that
are typically contained in different hutches (shielded areas): an optics section, an
experimental section, and a control area. The optics hutch contains beam-modifying
devices under vacuum, such as shutters, filters for modifying the energy spectrum,
collimators for defining the beam size, mirrors for focusing, and monochromators for
energy selection. Often these components require cooling to withstand the high heat
loads of the powerful SR beams. The components of the experimental hutch may be
under vacuum or not, depending on the energy of the photon beam. Its components vary

depending on the application, but normally contain specialized chambers to control
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experimental conditions (e.g., pressure, atmosphere), motorized sample stages, radiation
detectors and a beam stop to absorb what remains of the photon beam. The control room
or hutch contains the controls for the beamline components and experimental end station,

and computers for data collection.

= ~ Experimental cabin -
Control cabin S

Figure 2.4 A schematic of a beamline’s optics, experimental and control
hutches. (Image from www.esrf.eu.'?)

2.3 Characteristics of synchrotron radiation

The radiation produced from a synchrotron light source is valuable for research due to its
unique properties that can be manipulated for a wide variety of applications. These
unique characteristics will be described qualitatively below, and their physical origins

discussed in section 2.4.

2.3.1 Brightness

The intensity of photons produced from a synchrotron light source is several orders of
magnitude higher than that produced with conventional sources, such as x-ray tubes. In
addition to the overall intensity, synchrotrons in particular have extreme brightness
(photons*s™ -mrad?-mm™-(0.1 % bandwidth)"), which means that their incredible
intensity is concentrated in a very small spatial and angular distribution. Low emittance
(a measure of electron beam transverse size and angular divergence) is a design feature of

third generation sources to achieve high brightness. The great number of photons allows
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better statistics and shorter experimentation times using SR compared to conventional
sources. Additionally, narrow energy bandwidths may be selected from the broad energy
spectrum, and still allow for sufficient flux. Figure 2.5 shows the brightness of x-ray
tubes, various magnet sources used in synchrotron light sources, and x-ray FELs (free

electron lasers).

3

1021 }—

10'8}— Undulators 1/

1015}—
Wigglers

Bendin

1012|— Magnefs

k
%

X—Ray

Tubes Cu Kot rotating anode

X-Ray tubes

I I I I l l I
1900 1920 1940 1960 1980 2000 2020

Year

Brightness [Photons * s~ « mm=2« mrad—=2+ (0.1 % Bandwidth)~]

-
o
™

Figure 2.5 A plot of brightness for various x-ray producing devices, including x-
ray tubes, the three types of magnetic devices used to produce SR, and free
electron lasers (FELs). (Image reproduced from: Synchrotron Radiation
Sources: A Primer, Vol. 1, H. Winick, World Scientific Publishing Co. Pte. Ltd.,
Singapore, 19947 with permission from World Scientific Publishing Co.
(www.worldscientific.com/worldscibooks/10.1142/2444).)

2.3.2 FEnergy range

The energy of SR depends on the energy of the electrons in the storage ring and the
strength of the magnetic field in which they are deflected. Bending magnet and wiggler
radiation (Sections 2.4.2 and 2.4.3, respectively) is produced with a broad energy
spectrum that can extend from the far infrared (< 1 meV) to hard x-ray regions (several
hundred keV) of the electromagnetic spectrum. The radiation produced in an undulator

(Section 2.4.4) has a quasi-monochromatic energy spectrum composed of a fundamental
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frequency and higher order harmonics. The broad energy spectrum covered by a

synchrotron facility allows applications in a wide range of scientific disciplines.

2.3.3 Natural collimation

Due to the ultra-relativistic speeds of the electrons in the storage ring, the familiar dipole
angular distribution of emitted radiation for non-relativistic particles is collapsed into a
narrow cone whose opening angle is inversely proportional to the electron energy (Fig.
2.6). The extreme natural collimation, in combination with the high intensity, allows for

the tunability of SR using either grating or crystal monochromators.
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Figure 2.6 The emission of radiation from a non-relativistic (left) and relativistic
(right) charged particle undergoing circular motion. (Image reproduced from: A.
Balerna and S. Mobilio, "Introduction to Synchrotron Radiation," in Synchrotron
Radiation: Basics, Methods and Applications, edited by S. Mobilio, F.
Boscherini, C. Meneghini (Springer-Verlag Berlin Heidelberg, 2015)° with
permission of Springer Science+Business Media and the authors).

2.3.4 Polarization

Synchrotron radiation has a strong degree of polarization (Fig. 2.7). The photon beam
produced in a BM is 100% linearly polarized in the horizontal plane. Above and below
the horizontal plane, the photon beam has some vertical component, which results in
elliptical polarization. The photon beam exiting a wiggler is 100% linearly polarized
everywhere. The polarization of the photon beam can be altered using specially designed

IDs, and can be used to study dichroic materials, such as some organic molecules and
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. . 15
magnetic materials.'*

Additionally, the polarization will introduce an additional
angular dependence in the interactions between photons in matter which must be

considered in dosimetry, as discussed in Section 1.3.1.

Non Polarized Wave

R

Polarized Wave

Figure 2.7 Schematic demonstrating the concept of polarization for
electromagnetic radiation. The black arrows indicate the direction of beam
propagation, and the blue arrows indicate the direction of the electric field.

2.3.5 Coherence

Some SR exhibits coherence, and this in turn allows for diffraction and interference
studies. Lateral (or spatial) coherence improves as the source size decreases and the
collimation increases.'® Longitudinal (or temporal) coherence improves with the degree
of monochromatization.'"® The minimal divergence and high brightness of SR allows
monochromators to select narrow energy bandwidths, consequently producing beams
with longitudinal coherence. Coherence allows novel phase-based x-ray imaging

techniques to be investigated.'”"”

2.3.6 Time Structure

The temporal structure of the SR beam is dependent on the storage ring’s RF system. As
a bunch of electrons passes through a BM, a pulse of photons can be detected on the

beamline. Usually, multiple buckets within the storage ring are populated with electrons.
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The time between successive pulses depends on the longitudinal distance between

electron bunches, which depends only on the frequency of the RF field. The time

between bunches (if all RF buckets are populated) can be calculated by At=fRF'], where
frr is the frequency of the RF field.'"® With a typical RF frequency of several hundred
MHz, this separation is on the order of ns. If only one bunch in the storage ring is filled,
the time between light pulses will equal the time it takes for the electron bunch to travel
around the storage ring: A¢r=C/c, where C is the circumference of the storage ring, and c
is the speed of light. The manner in which bunches are filled within the storage ring can
be controlled through the injection system, and thus can be optimized for certain

experiments.

Electron bunches

Time

>

Figure 2.8 A schematic illustrating the bunching of electrons in the storage ring,
and the resulting temporal pattern of the emitted SR. Typically individual pulses
have a duration of tens of picoseconds, and are separated by nanoseconds.
(Image reproduced from: A. Balerna and S. Mobilio, "Introduction to
Synchrotron Radiation," in Synchrotron Radiation: Basics, Methods and
Applications, edited by S. Mobilio, F. Boscherini, C. Meneghini (Springer-Verlag
Berlin Heidelberg, 2015)° with permission of Springer Science+Business Media
and authors.)

The temporal length of each individual pulse of light is slightly more complicated
to determine, and depends on the magnetic lattice and the RF system. Typically bunches
are between 0.5 and 5 cm long, which results in a temporal pulse length of Ly,u.1/c, where
Lpunen 18 the bunch length. This results in a pulse length on the order of 10s of

picoseconds.
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2.4 Production of synchrotron radiation

2.4.1 Radiation from a charged particle undergoing circular motion

The acceleration of a charged particle causes a disruption of the electromagnetic field that
travels away from its origin at the speed of light. Radiation will be emitted as a result of
acceleration applied parallel to the particle’s velocity such that its speed changes (e.g.
bremsstrahlung radiation), or perpendicular resulting in a change in the particle’s
direction. An electron traveling through a uniform magnetic field in the absence of an

electric field will be acted upon by the Lorentz force:*%*!

=%=e(v X B) (2.1

where e is the electron’s charge, v is its velocity, and B is the magnetic field. If the
magnetic field and velocity are perpendicular, the resulting force will be perpendicular to
both, and the electron will undergo circular motion. For non-relativistic particles, the
Lorentz force can be related to the angular acceleration to obtain an expression for the

angular frequency
=— (2.2)

where p is the radius of curvature and m, is the mass of the electron. For the non-
relativistic case (f <<, where f=v/c), the emitted radiation will have a single frequency

component given by w,,.. The total power emitted by the accelerated electron is given by

CyC N
the Larmor formula:2*?!

e’a’

P_

= 2.3
6me,C3 23)

where a is the acceleration, and ¢, is the permittivity of free space. The radiation is
emitted with the spatial distribution of the familiar dipole pattern characterized by a
sin’ @ dependence (Fig. 2.6), where @ is measured with respect to the direction of

acceleration. No radiation is emitted at @ =0.
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As the electron’s velocity approaches c, relativistic effects become important. For
an ultra-relativistic charged particle, this results in a drastic change in the frequency,
power, and angular distribution of the emitted SR from the non-relativistic case described
above. The power emitted from an ultra-relativistic particle in circular motion is given

by the Liénard’s generalization of the Larmor formula®

ea’
p= 4 24
6me 3 / @4
where y is the Lorentz factor given by
E
= /1/(1-8° )= —°—. 2.5
- JF) 2 @)

The emitted power is thus proportional to the fourth power of the particle’s energy, E.,
and inversely proportional to the fourth power of the particle’s mass. Since present day
synchrotron light sources have storage ring energies that correspond to y on the order of
10° to 10*, the power is increased by a factor of 10'* to 10'® compared to non-relativistic
electrons.

The angular distribution of emitted radiation in the electron’s frame of reference
is the dipole pattern characteristic of the non-relativistic case. A Lorentz transformation
applied to the sin’ © dependence results in the SR being collapsed into an extremely
forward peaked cone in the laboratory frame of reference (Fig. 2.6). This cone of

radiation has a half-angle opening given by
0~=1/2y. (2.6)

For storage rings in the GeV range the resultant opening angle is sub-milliradian. The
radiation cone emitted down a beamline is reminiscent of a sweeping searchlight as the
electron moves along the radius of curvature. The divergence of the SR produced from
an electron beam will have a slightly greater divergence than that for a single electron
(Eq. 2.6) due to the angular dispersion of the electron beam itself.

The rapidly sweeping, narrowing cone creates a very short pulse of radiation as it
circulates as seen by a stationary observer in the laboratory frame of reference (Fig. 2.6).

A simple geometric analysis considering the opening angle of the photon beam (26 = 1/y)
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and the time it takes for the photons to reach the observer, can be made®'*'*** to show
that the pulse of radiation has a temporal length given by
At=m,/Bey’. 2.7)

Based on Fourier theory, this short pulse will correspond to a broad energy spectrum of

ser . 6,14,16,20,22
frequency components up to a critical energy given by >

E~ALT~Bey2/me. (2.8)

The transition from the monoenergetic cyclotron radiation spectrum (Equation 2.2) to the
broad SR emission spectrum (Equation 2.8) as the particle’s energy increases from non-
relativistic to highly relativistic energies is demonstrated in Fig. 2.9. As the energy of an
electron increases, and the pulse length decreases, the radiation emitted from the electron
becomes dominated by harmonics of a fundamental frequency until it becomes nearly

. 6,23
continuous.”

The SR spectrum becomes truly continuous due to the energy spread of
radiating electrons within the bunch, oscillations around the ideal orbit, and the statistical

.. . 6
nature of radiation emission.
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Figure 2.9 The power spectrum for a (a) non-relativistic, (b) intermediate
energy, and (c) highly relativistic charged particle’s emitted radiation as a
function of photon energy, E. The images demonstrate the increased contribution
of harmonics as the particle’s speed increases. (Image adapted from: G.B.
Rybicki and A.P. Lightman, Radiative Processes in Astrophysics (WILEY-VCH
Verlag CmbH & Co. KGaA, Weinheim, 2004).* Reproduced with permission.)
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In addition to the extreme broadening of the energy spectrum at relativistic
energies, the simple geometric approximation of the pulse length and cut-off energy (Eq.
2.7 and 2.8, respectively) also indicate that there is a significant increase in the emitted
photon frequencies. This transformation to higher energies is due to relativistic length
contraction (increases frequency by a factor of y), as well as the relativistic Doppler

effect, given by:**

S=y(1+pcosa) (2.9)

where fis the frequency of the emitted radiation in the laboratory frame of reference, f; is
the frequency in the electron frame of reference, and « is the emission angle, with respect
to the electron trajectory, in the electron’s frame of reference. On axis (a=0) and for =1,
the Doppler effect increases the frequency by an additional factor of 2y. The magnitude
of the Doppler effect falls off with angle, and this results in the highest frequency photons

emitted at the center of the narrow cone of radiation.
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Figure 2.10 General representations of the spatial and energy distributions (flux,
F, versus energy, Ziw) produced by the three different types of magnetic devices,
BMs, wigglers and undulators, used in storage rings for SR production. (Image
reproduced from: D.T. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation:
Principles and Applications (Cambridge University Press, New York, NY, USA,
2007). Reprinted with the permission of Cambridge University Press and consent
of the author.*)

The specific characteristics of the emitted radiation depend on a number of

factors. The emitted energy, power and degree of collimation depend strongly on the
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electron energy. The emitted energy spectrum and power also depend on the strength of
the magnetic field through which the electron beam passes. The size of the beam, and its
polarity, will depend on the electron trajectory through the magnetic device, and thus on
its dimensions. The basic characteristics of SR produced in a BM, wiggler and undulator

(Fig. 2.10) will be discussed next.

2.4.2 Bending magnet radiation

A BM is simply a dipole magnet with a uniform magnetic field, and thus electrons
passing through the magnet’s field are deflected onto a circular arc. As the electrons
travel through the field of the BM, the narrow cone of emitted photons sweeps along the
horizontal plane of the orbit (Figs. 2.10 & 2.11). This creates a wide beam horizontally,
but maintains the narrow opening angle in the vertical direction. The horizontal photon

beam size is limited by a mask at the front end of the beamline.
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Figure 2.11 The trajectory of an electron beam and the emitted radiation fan
produced in a BM. (Image reproduced from: K. Wille, The Physics of Particle
Accelerators, an Introduction (Oxford University Press, Oxford, U.K., 2000.)25
Used with permission from Oxford University Press).

While the exact energy spectrum of SR from a BM source depends on the storage
ring energy and BM field, its general shape follows the “universal” functions illustrated
in Fig. 2.12. The function G; (Fig. 2.12) provides the dependence of the photon flux, F,
vertically integrated over the photon beam as a function of the beam energy with respect
to a critical energy, E.. The function H; provides the same dependence except for only

the on-axis photons (y=0, where y is the observation angle in the vertical plane). The
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critical energy is defined as the energy at which half of the radiated power is emitted at

an energy above E. and half is emitted below. The expression for the critical energy is*

37%eBy’
L (2.10)
2mm,
or in commonly used units'>'®*
E [keV]=0.665 B[T] E.[GeV]. (2.11)

The critical energy increases linearly with the magnetic field, and with the square of the
electron beam energy. The expression for £, shows the same dependencies on B, y, and
m. as was determined for £ (Equation 2.8) from the simple geometric analysis based on

the temporal pulse length in.
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Figure 2.12 The universal brightness function, /,(y) and flux function G (y)
for the radiation emitted from a BM. The curves fall off rapidly above the critical
energy, and fall off much more slowly below the critical energy. (Figure
reproduced from: T.K. Sham and M.L. Rivers, A brief overview of synchrotron
radiation, Reviews in Mineralogy and Geochemistry, 49, 117-147 (2002).%
Image reprinted with permission from the Mineralogical Society of America.)

Using the critical energy and the universal curves, the photon flux from a BM

source in the plane of the orbit can be calculated as***’
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d’F(E)
dody | _,

= B E? __ photons
1.327x10" E2[GeV] 11A] H>(») L.mm/-o.z%gw] 2.12)

where E is the photon energy, 6 is the observational angle in the horizontal plane, 7 is the

storage ring current in Amperes, y=E/E., H,(y)=?K3;3(/2) and K,; is the K-type

Bessel function of 2/3 fractional order. The vertically integrated flux is given by>**’

d’F(E)
do

—2.457x107 E,[GeV] I14] G,(») [#MBW (2.13)

where G;=y fy “Ks;;(3)dy’". Finally, the total irradiated power from a BM over a length L

of the electron beam orbit is given by'®
PlkW]=1.266 E>[GeV] B*[T]L[m] I[A]. (2.14)

Beamlines fed by a BM have certain advantages. The beamlines are relatively
inexpensive, can be more common at some facilities, and are not as bright, which
generally means that there is less competition for access. Another advantage is that they
produce a broad energy spectrum, and either the filtered polyenergetic beam (referred to
as pink beam) can be used, or a monochromator can be employed to select a single
energy from the spectrum. Disadvantages are that they are less tunable than ID
beamlines because the magnetic field is fixed in order to maintain the closed orbit in the

storage ring. Additionally, they are not as bright as wiggler or undulator sources.

2.4.3 Wiggler radiation

The introduction of IDs to the straight sections of a storage ring allowed a significant
gain in SR brightness, and defined the development of third generation synchrotron light
sources. An ID consists of a series of alternating magnetic poles that cause the electrons
to follow an approximate sinusoidal path (Fig. 2.13). The multiple deflections of the
charged particles lead to an increase in the SR produced compared to a BM.
Additionally, because the devices can be fabricated such that the electron beam exiting

the ID has no net change in position or trajectory, the magnetic field can be different than
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that of a BM, and it can be adjustable, thus allowing a variable energy spectrum. An ID

can be characterized by its deflection parameter, K, which is given by'*'®

K:

,B=0.934 ), [cm] B[T]. (2.15)

2rwm, ¢

Physically, the deflection parameter is the maximal angular deflection of the electron
trajectory in units of y” (8,,,,= Ky). The essential difference between the two types of
IDs, wigglers and undulators, is in their K value: wigglers have K > 1, while undulators

have K~1.

undulator period

magnet poles

Figure 2.13 A schematic of an ID, consisting of an array of alternating magnetic
poles. The electron beam oscillates as it moves through the ID. The degree of
deviation from the s-axis (in the figure) determines whether the ID is a wiggler or
an undulator. (Image reproduced from: K. Wille, The Physics of Particle
Accelerators, an Introduction (Oxford University Press, Oxford, U.K., 2000.)25
Used with permission from Oxford University Press).

The large deflections (with respect to the natural opening angle of the SR) of
wigglers are accomplished by large magnetic fields and relatively long magnetic periods.
The SR produced from a wiggler approximates the superposition of the emission from
Npotes BMs, where N, is the number of magnetic poles in the array.”® The on axis and
integrated photon flux can be calculated from equations 2.12 and 2.13, respectively, with
the extra factor of N,.. Also, the magnetic field of a wiggler is typically greater in
magnitude than that of the storage ring’s BMs, which leads to higher flux and higher

photon energies (Fig. 2.5). The required strong magnetic fields of a wiggler mean that
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these magnetic devices are much more expensive than a BM. The natural collimation in
the vertical direction (~1/y) is maintained, but the additional transverse motion of the
electron beam in the wiggler is observed by the experimenter as an effective increase in
the horizontal beam divergence (by the factor K) (Fig. 2.10).

Wiggler beamlines are more difficult to gain access to compared to BM beamlines
because they are brighter and in higher demand. Like a BM beamline, the energy
spectrum is broad, and can be used in both polyenergetic and monoenergetic modes, but
wigglers provide higher flux and higher energies, and are completely linearly polarized.

Also, the energy can often be tuned by changing the magnetic field strength.

2.4.4 Undulator radiation

An undulator has a weaker magnetic field and shorter periods to achieve deflections on
the order of the opening angle of the radiation cone. For certain wavelengths, as
determined by the pole period of the undulator, the emitted radiation constructively
interferes, and in contrast to the broad energy spectrum produced in a BM or wiggler, the
undulator energy spectrum is quasi-monoenergetic (Fig. 2.10). The wavelengths of SR
produced in an undulator are longer than those produced in a wiggler or BM, but the
extreme collimation in both the wvertical and horizontal directions, as well as the
constructive inference between poles, leads to greatly enhanced brightness (Fig. 2.5).
Like a wiggler, undulator beamlines are more difficult to access than BM
beamlines because they are expensive to build and less common. Unlike BM and wiggler
beamlines, the undulator beamline emits narrow spectral lines, and a monochromator or
collimators can be used to reduce the energy bandwidth further. Also, the emitted

radiation is brighter and has a smaller spot size than any other magnetic source.

2.5 Canadian Light Source

The experimental work in this thesis was carried out at Canada’s only synchrotron light
source, the Canadian Light Source (CLS). The CLS (Fig. 2.14) is located on the

University of Saskatchewan campus in Saskatoon, Saskatchewan. The CLS has a storage
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ring that is 170.88 m in circumference, and an electron energy of 2.9 GeV (y = 5675).
Currently, the storage ring has one RF cavity operating with a 500 MHz frequency and a
potential of 2.4 MV, which results in a 2 ns separation between consecutive electron
bunches, each with a 34 ps (1 o) pulse length.*® The horizontal and vertical emittances
are 22.7 nm-rad and 0.102 nm-rad, respectively.”® These low emittances allow the high
brilliances typical of third generation sources. The transverse horizontal and vertical
electron beam sizes (1 o) are 485 and 16.1 um, respectively. The storage ring has a
maximum current of 250 mA, a lifetime (1/e) of approximately 21 hours, and receives
regular injections every 12 hours.

The storage ring has a double bend achromatic design consisting of 12 straight
sections (9 available for IDs) and 24 BMs that each have a 1.354 T field and a 15° bend
angle.”” There are 72 quadrupoles and 36 sextupoles.”” The CLS has the potential to
feed 40 beamlines, but currently there are 14 commissioned beamlines and 3 under

development.

Figure 2.14 The exterior and interior of the Canadian Light Source. (Images
courtesy of the Canadian Light Source, Inc.)

2.6 BioMedical Imaging and Therapy (BMIT) beamlines

The BMIT facility at the CLS was designed to facilitate imaging and radiotherapy
applications of SR. The facility consists of two beamlines, one with a BM source (05B1-
1) and one with a wiggler ID source (05ID-2) (Fig. 2.15). The beamlines were designed

to offer several imaging techniques in either planar or tomographic configurations:
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absorption, K-edge subtraction, diffraction enhanced, and phase contrast imaging.
Planned therapy techniques include microbeam radiation therapy, stereotactic
synchrotron radiation therapy and photo-activation therapy.”® These techniques serve a
wide variety of biomedical applications, including cancer diagnosis and treatment,
circulatory and respiratory disease, neurological disease, reproductive health,

musculoskeletal conditions, and dental illnesses.

POE-1:
Optics Hutch

POE-2:

(a) 05B1-1 Experimental Hutch

: POE-2:
%‘ ; Experimental Hutch
% z. oy F /
il . 1 SOE-1:
e Pl Experimental Hutch

POE-1:
Optics Hutch

(b) 05ID-2
Optics Hutch

Figure 2.15 A schematic layout of the (a) 05B1-1 and (b) 05ID-2 BMIT
beamlines. The POE-1 hutch houses optics equipment for both beamlines. The
POE-2 hutch is presently the experimental area for the 05B1-1 beamline, and in
the future will also be for the 05ID-2 beamline. The POE-3 hutch houses more
optics for the 05ID-2 beamline, and the SOE-1 hutch is for monoenergetic 051D-
2 experimentation. (Images courtesy of the BMIT staff.)
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2.6.1 The 05B1-1 beamline

The 05B1-1 beamline source is one of the storage ring’s BMs (1.354 T, 7.14 m radius of
curvature). The important parameters of the beamline are noted in Table 2.1. The
distance between the BM and the end of the vacuum tube is 19.5 m. The distance from
the source to the center of the optics table used to mount samples is 25.7 m. The first
primary optics enclosure (POE-1) contains several components for beam modification,
including collimators, filters, photon shutters, safety shutters, and ion pumps.>’ A double
crystal silicon Bragg monochromator enables both monoenergetic and polyenergetic
beams in the POE-2 hutch. The second optics hutch (POE-2) contains a monitor
chamber, imaging shutters and experimental, motorized, precision stages. The 05B1-1

beamline has been in use since 2008, and normal operation began in 2011.%

Table 2.1 BMIT 05B1-1 beamline parameters3 1,33-35

Energy range ~8—60 keV

Critical energy, E. 7.57 keV

Photon flux 1.5 x 10" ph/s/mA/mrad*/0.1%BW at 10 keV
Total radiated power 697.2 W @ 500mA, 2.9 GeV

Beamline length 28.5m

Electron beam source size 173 pm (H) X 30.8 pm (V)

Horizontal divergence 10 mrad

Vertical divergence 0.2 mrad

Beam Size 240 mm (H) X 7 mm (V) at 23 m

2.6.2 The 05ID-2 beamline

The 05ID-2 beamline source is a superconducting multi-pole wiggler (Budker Institute of
Nuclear Physics, Novosibirsk, Russia). The wiggler’s physical parameters are given in
Table 2.2. The 05ID-2 beamline has a higher flux and higher energy photon beam than
the 05B1-1 beamline due to the wiggler’s higher magnetic field and multiple poles. The
beamline passes through several BMIT areas (Fig. 2.15) — POE-1, POE-2, the POE-2
control area (shielded), POE-3, and the secondary optics enclosure (SOE-1). Various
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beam modifiers are located in the three primary optics enclosures, including masks,
photon shutters, safety shutters, vacuum windows, ion pumps, collimators, filters,
beryllium and Kapton windows, and three monochromators.’® There are two potential
sample positions for the 05ID-2 beamline. In the current set up, SOE-1 is used for
experimentation, and only with a monoenergetic beam. The second option, for both poly-
and monoenergetic applications, is in the POE-2 hutch shared with the 05B1-1 beamline.
The beamline components have been installed and initial radiation testing has been
performed,” but use of this end station would disrupt research on the active 05B1-1

beamline, and is thus presently not available.

Table 2.2 Characteristics of BMIT’s superconducting wiggler that produces
photons for the 05ID-2 beamline.’**

Maximum magnetic field, B 43T

Maximum deflection parameter, K 19.3

Period length 4.8 cm

Number of poles 25 full-field + 2 half-field poles
Gap 14.5 mm

Total radiated power 30.1 kW (500mA, 2.9 GeV)

Table 2.3 BMIT 05ID-2 beamline parameters3 234-37

Energy range ~20-100+ keV

Critical energy, E. 24 keV

Photon flux 3.0 x 10" ph/s/mA/mrad*/0.1%BW at 20 keV
Beamline length 61 m

Electron beam source size 441 pm (H) X 16.6 pm (V)

Horizontal divergence 4 mrad

Vertical divergence 0.2 mrad

106 mm (H) X 5 mm (V) at 26.5 m
224 mm (H) X 11 mm (V) at 55 m

Beam Size

The main components of the SOE-1 hutch are: a moveable support platform for

detectors, the Large Animal Positioning System (LAPS), and a granite stand offering
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high stability. Currently the MRT Lift is installed on the LAPS for small to medium
samples. The LAPS can travel over 2.7 m vertically at a speed of up to 20 cm/s, and has
an accuracy of 100 um.*> The LAPS can move samples/subjects up to ~ 900 kg.*?
Experimentation on the ID beamline can occur in two hutches: the POE-2 hutch that is

shared with the BM beamline, and the further downstream SOE-1 hutch.

2.6.3 Microbeam radiation therapy at the CLS

Originally an experimental MRT program was planned for the 05ID-2 beamline in the
POE-2 hutch using a filtered polyenergetic beam. This would include filters to produce a
mean energy of 99 keV>® and an estimated dose rate of approximately 3000 Gy/s.*°
However, as described above, currently only a monoenergetic beam is available on the
05ID-2 beamline. The current two options for MRT experimentation are: (1) a
monoenergetic beam (energies from 20 — 150 keV) on the 05ID-2 beamline in the SOE-1
hutch, or (2) a filtered polyenergetic beam on the 05B1-1 beamline with lower mean
energies up to ~20 — 60 keV in the POE-2 hutch. Due to the prolonged commissioning
period for the 05ID-2 beamline, the vast majority of our measurements were performed
on the 05B1-1 beamline.

A mult-islit collimator (MSC) (Usinages et Nouvelles Technologies, Morbier,
France) was fabricated for MRT at BMIT. The collimator is fabricated from tungsten
alloy (Fig. 2.16). There are 75 slits that are each 50 pm wide, and separated by 400 pm
centre-to-centre, and 8 mm thick. The MRT lift, a precise positioning system with 6
degrees of freedom, has been installed in SOE-2 for use on the 05ID-2 beamline, but
could be installed in POE-2 in the future for high dose rate polyenergetic MRT

experimentation.
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Figure 2.16 The multi-slit collimator at the CLS. The tungsten alloy collimator
has 75 50 um wide slits separated by 400 pm centre-to-centre, and is 8 mm thick.
(Image courtesy of BMIT staff.)
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3 CHARACTERIZATION OF THE BIOMEDICAL
IMAGING AND THERAPY BEAMLINES

3.1 Introduction

It is necessary to have a thorough understanding of a photon beam’s characteristics
before it is used for radiation therapy or imaging applications to maximize the efficacy of
a treatment, to properly interpret an image, and particularly for the safety of the patient.
The photon beams produced by x-ray sources used for conventional radiation therapy and
imaging are described in terms of energy spectrum, geometric qualities (e.g., beam
profiles, divergence), and absolute dose. Similarly, these same features of a synchrotron
x-ray beam used for imaging and therapy are required. Although theory (Chapter 2) can
be used to predict the detailed characteristics of radiation produced by a synchrotron light
source, these calculations must be validated by measurement. In this chapter, the
BioMedical Imaging and Therapy (BMIT) beamlines’ output reproducibility, energy,
geometry and relative dosimetry will be described. For imaging and therapy applications
that have been performed and planned on the BMIT beamlines, determination of the
absolute magnitude of the dose rate is also vital. Absolute and reference dosimetry of the
wide beam using ionization chambers will be discussed in Chapters 4 and 5.

The 05B1-1 BMIT beamline has been available for experimentation since 2010, in
both monoenergetic and polyenergetic modes. Various beam energies, produced using
either a crystal monochromator to select a single energy or by introducing copper or
aluminum filtration into the polyenergetic beam, have been considered to match the
conditions used for various imaging or therapy techniques on the beamlines, or to simply
vary the dose rate and mean energy of the beam. Measurements were taken to
characterize both the broad beam and microbeam configurations. Access to the 051D-2
BMIT beamline has been considerably more limited due to the long process of
commissioning this more complex and more powerful beamline. Only monoenergetic,
broad beam conditions have been available for measurements on the 05ID-2 beamline.
Additionally, stability issues have limited the reproducibility and therefore value of some

measurements.
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The description of the wide synchrotron beam is both important for microbeam
radiation therapy (MRT) dosimetry, and for the other imaging and therapy applications
on the BMIT beamlines. The wide beam characterization includes the examination of
output stability and reproducibility, profiles vertically over the height of the non-uniform
beam, theoretical and experimental investigations into beam quality, and relative dose
deposition at depth in water. A study of the microbeam array, created by introducing the
multi-slit collimator (MSC) into the filtered 05B1-1 beam, was also undertaken. This
included investigating the alignment of the MSC, the horizontal and vertical profiles
across a single microbeam, the change in profile shape, dose and width with depth in
solid water, and the variation of relative peak and valley dose across the whole MSC.
Several detectors were used to characterize the broad beam, including cavity ionization
chambers, a free air ionization chamber, a solid state diamond detector and radiochromic
film. Selected measurements were compared with theoretical values derived from

analytical calculations and Monte Carlo simulations.

3.2 Materials and methods

3.2.1 Beamlines and experimental sessions

Several experimental sessions occurred on the 05B1-1 beamline between May 2010 and
July 2014. The majority of characterization was done for the polyenergetic beam with
filtrations of 0.938 mm Cu and 1.103 mm Cu, but testing was also done for a minimum of
no added filtration and a maximum of 2.210 mm Cu. Aluminum or copper filtration was
added to the beam to increase the mean energy and decrease the dose rate. The majority
of filtration was achieved using the in vacuo beamline filters, positioned at an angle of
25° with respect to the direction of x-ray propagation. The 05B1-1 beamline is also

capable of producing monoenergetic beams through the insertion of a Bragg double

crystal Si (1,1,0) monochromator (AE/E= 5x107)." Single energies are selected by
varying the angle of the crystals with respect to the horizontal x-ray beam. We studied
monoenergetic energies of 20.0 keV, which is commonly used for imaging applications,

and 33.3 keV, chosen because it is near the K-edge of iodine (for K-edge subtraction
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imaging). A filtration of 0.110 mm Al was used with the monoenergetic beams to
remove low energy photons and reduce the heat load on beamline components.
Measurements were taken for both broad beam and microbeam configurations. The
broad beam dimensions were controlled by the beamline jaws. The microbeam array was
created by using the MSC (Section 2.6.3, Fig. 2.16). The collimator is made of 8§ mm
thick (in beam direction) tungsten alloy sheets separated by air gaps to create the array.
The gaps are 50 um wide and 4 mm in height, and have a centre-to-centre spacing of 400
um. Measurements were taken in POE-1 (Fig. 2.15) at distances between 25 and 28.3 m
from the bending magnet (BM) source.

Experiments on the 05ID-2 beamline were performed in August 2013 and June
2014, during which time the beamline was still being commissioned.  Only
monoenergetic x-ray beams were available for experimentation. Two monochromators

were used to produce the monoenergetic beams: the K-edge subtraction (KES)
monochromator single crystal bent Laue Si (1,1,1) (AE/E= 10'3) and the computed

tomography (CT) monochromator double crystal bent Laue Si (1,1,1) (AE/E= 10'2).1
Filtration was introduced into the beam to protect the optics equipment and reduce dose
rates. Measurements on the 05ID-2 beamline were only performed for the broad beam
configuration in SOE-1 (Fig. 2.15). The detectors were positioned on the Large Animal
Positioning System (LAPS) and MRT Lift (Section 2.6.2), located at a distance of 55.0 m

from the insertion device (ID) source.

3.2.2 Description of detectors

A variety of detectors were used to experimentally examine the x-ray beam parameters
including ionization chambers, a solid state diamond detector, and radiochromic film.
The dimensions of the three cavity chambers are given in Table 3.1. The Capintec
PRO6C (Capintec, Inc., Ramsey, New Jersey, USA) was used for the majority of the
ionization chamber measurements. The Wellhofer IC10 (IBA, Louvain-La-Neuve,
Belgium) has a waterproof sleeve, and was used for percent depth dose measurements in
a water phantom. The PTW 23343 (PTW, Freiburg, Germany), a parallel plate ionization

chamber, was chosen for its rating for low energy photon beams, and its spatial resolution

85



in the depth direction (0.03 mm thick entrance window, 1 mm thick sensitive volume).

The three cavity chambers were operated at 300 V.

Table 3.1 The dimensions and materials of the cavity chambers used for
beamline characterization.

Manufacturer and  Cavity volume Cavity Wall W all Central
Model (cm?) radius (cm) material thlckne;ss electrode
(g/em’)
Capintec PR06C 0.65 0.32 C-552 0.050 C-552
Wellhofer IC10 0.14 0.30 C-552 0.070 C-552
PTW 23342 0.02 0.15 Polyethylene 0.003 ---

A PTW 60003 diamond detector (PTW, Freiburg, Germany) was used for its high
spatial resolution along the detector’s longitudinal axis. The detector’s active volume is a
diamond wafer with a radius of 1.47 mm, and a thickness of 0.25 mm, embedded in
polystyrene. The irradiation of the active volume leads to the excitation of electrons from
the valence to the conduction band, and the produced charges are collected by an applied
voltage (100 V). The cavity ionization chambers and diamond detector were used in
conjunction with a Unidos E (PTW, Freiburg, Germany) electrometer.

A Victoreen 480 free air ionization chamber (The Victoreen Instrument Co.,
Cleveland, OH (no longer commercially available)) was primarily used for absolute air
kerma rate measurements (Chapter 4), but was also used to determine beam quality. This
Attix-type free air chamber” (described in detail in Chapter 4) has telescoping cylindrical
electrodes that extend between 32 and 62 cm, and are used to define the active volume.
The outer aluminum electrodes have a 30 cm diameter, and the off-centre aluminum
collecting electrode has a diameter of 0.95 cm. The chamber was operated between 3000
and 5000 V, and the collected charge was measured using a Keithley 6517A (Keithley
Instruments, Inc., Cleveland, Ohio, USA) electrometer.

Three types of radiochromic film, Gafchromic EBT2, EBT3 and HD810 (Ashland
Inc., Covington, KY, USA), were used to measure two-dimensional dose distributions
(Table 3.2). The film was digitized using either an Epson V700 Perfection or Epson
Expression 10000XL (Epson, Suwa, NGN, Japan) flatbed scanner. The films were

scanned at the center of the flatbed scanner to reduce variation in pixel values due to
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position-dependent scanner sensitivity across the scanner bed.> The film was consistently
scanned in the same orientation with respect to the scanner’s CCD array, which is
necessary due to the change in absolute pixel values (up to ~10 %) in the resulting image
when the film is scanned in landscape versus portrait orientations for certain CCD
scanners. This is attributed to the anisotropic scattering from the rod-like active particles
that tend to align themselves with the coating direction.” The film was scanned at a
nominal resolution of 4800 dots per inch (dpi) (=5.3 um) and a color depth of 48 bits (16
per colour channel). The red channel image was analyzed as recommended by the
manufacturer because the film exhibits the highest absorption at “red” wavelengths, but
does not allow for heterogeneity corrections available with triple-channel methods.*® A
calibration curve was created using a polynomial fit in MATLAB, and was used to
convert pixel value to dose.

Table 3.2 Gafchromic film characteristics™ "'

Model Thickness of film/  Dose range (Gy) Uniformity Effective atomic

active layer (um) number
EBT2 278/ 28 0.01-40 <3 % 6.84
EBT3 280/30 0.01->40 <3 % 6.7
HD-810 97/6.5 10 - 1000 <8% 6.0-6.5

3.2.3 Output: Linearity with current-time product (05B1-1)

As described in Sections 2.2.1 and 2.2.2, the electron beam current in the storage ring of
a synchrotron light source decays with time, and the beam’s dose rate decays
proportionally. At the CLS, the dose rate can change by nearly a factor of two between
storage ring injections. To deliver equivalent doses, the irradiation time must increase as
the storage ring current decays. For this purpose, beamline controls allow selection of the
mAs, the product of the ring current and beam-on time.

The BMIT beamlines have a series of shielded shutters to control the transport of
the x-ray beam from the BM or wiggler source through the hutches. For experiments
requiring rapid control of the 05B1-1 x-ray beam, a set of fast imaging shutters are used.
The minimum dose that can be delivered in a reproducible manner is limited by the speed

and precision of the imaging shutter control. To investigate the lower limits of
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deliverable doses, the linearity between ion chamber reading (Capintec PRO6C) and the
storage ring current-time product (mAs) was measured. The shutters are located at
approximately 21 m, and the ion chamber was positioned at approximately 25 m from the
BM source on the 05B1-1 beamline. The polyenergetic beam was used with a filtration

0f 0.938 mm Cu.

3.2.4  Output: CT monochromator stability (051D-2)

Crystal monochromators are used to produce monoenergetic x-ray beams on the 05ID-2
beamline. ~The high heat load of the intense synchrotron x-ray beam on the
monochromator crystals can cause temperature drifts, and a change in output. To
investigate the stability of the 05ID-2 double crystal monochromator (relatively newly
installed at time of measurement), the Victoreen 480 free air ionization chamber was used
to take readings over several hours (Fig. 3.1). The measurements were taken with an

energy of 100 keV and a magnetic field of 4.007 T.

Figure 3.1 The Victoreen 480 free air ionization chamber mounted on the MRT
Lift in the SOE-1 hutch on the 05ID-2 beamline for beam stability and quality
measurements.

3.2.5 Broad beam geometric characteristics: Vertical profile, beam size as a function
of collimator setting, and divergence (05B1-1)

A synchrotron x-ray beam is non-uniform in both intensity and energy spectrum in the

vertical direction. The highest x-ray energies lie in the horizontal plane. The mean
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energy and intensity decrease when moving in the positive or negative vertical y-
direction. The vertical profile on the 05B1-1 beamline was measured most extensively
for the 0.938 mm Cu filtered beam. The profile in the vertical direction was

characterized by three methods:

1) A 100 pum vertical beam defined by a slit between polished steel blocks was
stepped across the full height of the beam in unison with the PRO6C ion chamber, which
was centered with respect to the slit beam (Fig. 3.2).

2) A two-dimensional measurement with Gafchromic EBT2 film, subsequently
scanned with an Epson Perfection V700 flatbed scanner.

3) The PTW diamond detector aligned such that the thin wafer dimension is

vertical, providing a spatial resolution of 250 pm.

Multiple methods were used to determine the profile due to uncertainty in the
detectors’ energy dependence in the low energy beam. Because the beam’s energy
changes with vertical position, the detector response potentially also changes with
vertical position, which would compromise the accuracy of the profile measurement.
Additional measurements using the beam defining slit and the PRO6C ion chamber were
taken for the unfiltered polyenergetic beam, the polyenergetic beam filtered with 1.103

mm Cu, and two monoenergetic energies (20.0 and 33.3 keV, 0.110 mm Al filtration).

; Filtered, Broad
-\ , Photon Beam Microbean
| =)= 2N 4
Synchrotron

Source Filters Jaws slit lon Chamber

Figure 3.2 Schematic for the experimental set up of measuring the broad beam
profile using the PRO6C ion chamber. The filtered broad beam passed through a
100 pum slit to create a horizontal microbeam. The slit and ionization chamber
were then stepped vertically through the broad beam.

The beam size with respect to nominal beamline collimator settings in both the
horizontal and vertical planes was measured using Gafchromic EBT2 film. The film was

placed at 26.13 m from the BM source. For the polyenergetic beam filtered with 0.938
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mm Cu, the full width at half maximum (FWHM) sizes were measured for several

vertical collimator settings between the smallest 0.1 mm and the maximum of 8.7 mm.
The broad beam’s divergence was investigated by measuring the difference in

beam size at a distance of 25.0 m versus 28.3 m from the BM source. The measurements

were made on the unfiltered 05B1-1 beamline using Gafchromic HD-810 film.

3.2.6 Broad beam energy: Theoretical energy spectra (05B1-1 and 051D-2)

The energy spectra of the 05BI-1 and 05ID-2 beamlines were calculated using
SPECTRA (Version 10.0) (Fig. 3.3), free software specifically designed for the analytical
calculation of synchrotron radiation (SR) characteristics developed by Tanaka and
Kitamura."> SPECTRA requires several storage ring and beamline parameters to
calculate the energy spectrum. The storage ring parameters include the electron energy
and current, the circumference, the number of electron bunches, the length of the bunch,
the emittance, the coupling constant, the energy spread, the alpha and beta functions
(Twiss parameters; describe beam shape and angular deviation as function of position in
storage ring'), and the dispersion. For a BM beamline, the magnetic field and bending
radius are required. For a wiggler source, the magnetic field, pole length, and number of
poles must be provided.

All spectra calculations also accounted for beam filtration and attenuation in air.
Each beamline used in our experiments includes fixed filtration from multiple beamline
windows: the 05B1-1 beamline has a 0.1 mm thick Kapton window and two 0.25 mm
beryllium windows, while the full 05ID-2 beamline going to the SOE-1 hutch has a 1.5
mm Kapton window and three beryllium windows totaling 0.75 mm. The proposed
configuration of the beam used for a future MRT program at the CLS would be a
polyenergetic 05ID-2 beam terminating in POE-2 that would pass through 0.75 mm of
beryllium (three windows) and 0.1 mm of aluminum (one window). Because of the
relatively low X-ray energies and large distances between the exit window (before which
the beam is under high vacuum) and the point of measurement, air attenuation cannot be
ignored. On the 05B1-1 beamline, the energy spectrum was calculated at a distance of

25.17 m from the BM source, with 5.68 m of air. Additional calculations were obtained
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for various filter combinations to match experimental conditions. For the 05ID-2
beamline, calculations were done at 27.5 m from the wiggler source with 2.5 m of air,

and at a distance of 55.0 m with 7.0 m of air for the POE-2 and SOE-1 hutches,

respectively.
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Figure 3.3 A screenshot displaying the required storage ring information for the
calculation of SR energy spectra using the SPECTRA software.

Since the energy and intensity of these synchrotron beams change rapidly as a
function of wvertical position, beam collimation affects the calculated spectra.
Calculations were done for beams passing through either of two collimations. For the
first, a 0.52 mm diameter circular opening represented the small aperture used for
measurements with the free air ion chamber. The second configuration is a 32 mm (x) X
0.5 mm (y) rectangular slit, corresponding to the width of our multi-slit collimator, and a
height approximating the vertical collimation that has been used for MRT animal
experiments at the European Synchrotron Radiation Facility.

To determine the sensitivity of the output to uncertainties in the storage ring or
beamline parameters, each variable was assessed individually to determine its effect on
the mean energy and total flux. This was done for the 05B1-1 beamline for two scenarios
- with only the permanent beamline filtration (vacuum windows), and with an additional

1.103 mm Cau filtration (chosen as a mid-range amount of filtration).
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3.2.7 Broad beam energy: Half-value layer values (05B1-1 and 051D-2)

The direct measurement of the energy spectrum of SR is challenging due to the high
intensity of many beams. To experimentally validate the predicted beam energy we
instead chose to measure the half-value layer (HVL) using aluminum and copper filters
(Inovision Radiation Measurements, LLC., Cleveland, OH, USA). For clinical x-ray
beams with energy lower than the megavoltage range, the HVL is often used to describe
beam quality.'* On the 05B1-1 beamline, HVL measurements were done for the
polyenergetic beam with the following filtrations: 0.552 mm Cu, 0.552 mm Cu + 13 mm
Al, 0.938 mm Cu, 1.103 mm Cu, and 2.210 mm Cu. Monochromatic 20.0 and 33.3 keV
photon beams were also evaluated. On the 05ID-2 beamline, measurements were taken
with 40, 80, 100, and 150 keV monoenergetic beams generated at a magnetic field of 4.0
T. Our initial HVL measurements were made with the Capintec PRO6C on the 05B1-1
beamline using 0.938 mm Cau filtration. The beam was collimated to 4 mm horizontally,
and was not collimated vertically. For all other beam configurations, the HVL was
determined during later experimental sessions using the Victoreen 480 with a 0.52 mm
diameter aperture, which approximated narrow beam geometry.

To determine the first half-value layer, the experimental data were fit by a two
term exponential function using MATLAB’s curve fitting toolbox (MathWorks, Natick,
MA, USA). The experimental HVLs were compared to the predicted values based on
either the computed energy spectrum obtained from SPECTRA (Section 3.2.6) or the

nominal monoenergetic energy based on the monochromator’s crystal angle.

3.2.8 Broad beam energy: Spectroscopy (05ID-2)

The energy of four monoenergetic x-ray beams on the 05ID-2 beamline was measured
using a X-123CdTe spectrometer (Amptek, Inc., Bedford, MA, USA). The nominal
energies were 40, 80, 100 and 150 keV. The ID magnetic field was set at 4.0 T. The
spectrometer was placed directly below the window between the POE-3 and SOE-1
hutches through which the x-ray beam passes. Thus, the majority of photons reaching the
detector must undergo Compton scattering in air with a scattering angle of 90°. The

Compton peak was determined as the central energy of the resulting histogram of counts
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versus energy. The incident photon energy was calculated from the equation for the

energy of the scattered photon (hv') following a Compton interaction'

, ]
hv'=hy-
TR (cos) (.1)

Mme

where /v is the energy of the incident photon, 4v'is the energy of the scattered photon, 8
is the angle between the propagating initial photon and the scattered photon, m, is the
mass of an electron, and c is the speed of light. By substituting 90° for 8, and the
scattered x-ray energy from the spectrometer results, it is possible to solve for the

incident x-ray energy.

3.2.9 Broad beam energy: Percent depth dose (05B1-1)

To characterize beam penetration in water, the percent depth dose (PDD) was measured
on the 05B1-1 beamline for different configurations. The most thorough determination
was for the polyenergetic beam filtered by 0.938 mm Cu. The measurements were taken
at a distance of 27.5 m from the BM source with a 32 mm wide beam (uncollimated
vertically). The Wellhofer IC10 was used to measure dose in an in-house built water
phantom (Fig. 3.4). The water phantom was built to accommodate the horizontal beam,
and has a thin Mylar window and a jig to hold the ionization chamber. The chamber
dimensions limit the shallowest depth that can be measured to 4.1 mm. The PDD was
also measured with the PTW 23342, in a Lucite jig and slabs of Solid Water (Gammex,
Inc., Middleton, WI, USA). There was no adjustment to the PTW PDD to account for
potential changes in scatter due to the presence of the Lucite. The parallel plate chamber
provides improved spatial resolution in the depth direction, which was particularly
beneficial for measuring the dose near the surface. Finally, Gafchromic EBT2 film was
used to measure the PDD at depth in Solid Water. The EBT2 PDD was measured for
three exposures: 100, 500 and 1000 mAs. The experimental PDDs were compared to a
PENELOPE'® Monte Carlo simulation of the PDD in a 16 cm diameter, 16 cm long
cylindrical water phantom. The simulation input was a SPECTRA-generated photon
spectrum for the 05B1-1 beamline with 0.938 mm of copper filtration (Section 3.3.6, Fig.

3.9(a)). The beam was approximated as a 1 x 1 cm® beam uniform in the vertical and
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horizontal directions. The number of histories used was 10°, and the resolution in the
depth direction was 2 mm. The PENELOPE transport parameters are discussed in more
detail in Chapter 6, but briefly, the cut-off energy loss for hard elastic collisions (Wcc)
and hard bremsstrahlung emission (Wcr) for both electrons and photons were set to 1
keV. The mixed simulation parameters that define the allowed average angular
deflection and maximum fractional energy loss between consecutive hard elastic events
(C1 and C2) were set to small values (0.01) so that simulations were almost completely
done in detail. Because there was either missing data or a large amount of uncertainty for
the surface dose for most measurement methods, the experimental and Monte Carlo
curves were normalized at a depth of 2 cm.

The Wellhofer IC10 and water phantom were used to measure the PDDs for
additional 05B1-1 beams: polyenergetic with 1.103 mm Cu filtration and monoenergetic
20.0 and 33.3 keV. Measurements were made at 26.0 m from the BM source, and with a
horizontal beam size of 70 mm (uncollimated vertically). Since the shallowest depth
measured was 4.1 mm, the dose at the surface of the water phantom was estimated from a

polynomial fit of the experimental data using the MATLAB curve-fitting toolbox.

Figure 3.4 The experimental set up for the PDD measurement using our in-
house built water phantom, with a thin Mylar window and Welhoffer IC10 cavity
ionization chamber on the 05B1-1 beamline.
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3.2.10 Microbeam array: Monte Carlo dose distributions (05B1-1 and 05ID-2)

The Monte Carlo code PENELOPE was used to simulate the microbeam array dose
distributions in a 16 cm long, 16 cm diameter cylindrical water phantom. As has been
done in previous work,'”?" a single, rectangular, parallel microbeam was modeled at the
surface of the cylindrical water phantom. The dose was tallied in parallelepipeds that
were the height of the microbeam (4 mm) in the vertical (y) direction, were 2 mm in the
depth (z) direction, and varied in width (x-direction). The lateral bins were smallest (1
um) within and at the edges of the microbeam, and increased in size as the lateral
displacement from the center of the beam increased, in order to reduce statistical
uncertainties as the dose decreases. Each simulation used 10° histories, and the same
transport parameters as described in Section 3.2.9. The full microbeam array dose
distribution was generated from the single planar microbeam distribution using the

discrete convolution:

N
D)= Dy 5(xx) (32)
i=1

where D (x) is the dose distribution as a function of lateral displacement for a single

microbeam (interpolated to a 1 um spacing to facilitate the convolution), N is the number

of microbeams in the array and the x;’s are the relative position of the centers of the

different microbeams in the array. This approach assumes that the dose profile used in
the convolution is position invariant. Nettelbeck et al (2009) showed that modeling of a
single microbeam and subsequent superposition is an adequate approximation if the
construction of the MSC is symmetric.”’ More recent studies,”* have demonstrated the
limitations of this approach, as described in Section 1.3.1.

Simulations for the 05B1-1 beamline used the SPECTRA-generated energy
spectrum for the setup with 0.938 mm Cu filtration (Fig. 3.9(a)). To match our MSC, the
microbeam dimensions were 50 um wide by 4 mm tall with centre-to-centre spacing of
400 um. The 05ID-2 energy spectrum (Fig. 3.9(b)) was calculated with SPECTRA using
a wiggler magnet field set to 4.3 T, and with the filters originally suggested for the
planned MRT experimental program at BMIT: 1.15 mm carbon, 0.8 mm aluminum

nitride, and 2.3 mm copper at an angle of 25°. This is in addition to the 0.1 mm
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aluminum and 0.75 mm total beryllium of the beamline windows. The resulting beam
has a mean energy of 99 keV. Microbeam dose distributions were also calculated using
the energy spectrum for the European Synchrotron Radiation Facility (ESRF) ID17
beamline, which has a slightly higher mean energy of 107 keV."” This facilitated a
comparison of the potential dose distributions on the BMIT 05ID-2 beamline to the
distributions already commonly used for MRT experimentation at the ESRF. The BMIT
05ID-2 and ESRF IDI17 simulations were both done with 25 pm wide x 4 mm tall
microbeams separated by 200 pm.

The simulations were used to compile the percent depth dose curve for the 05B1-
1, 05ID-2 and ESRF ID17 beamlines for both the peak dose (dose delivered at the center
of the microbeam path) of the central microbeam, and the valley dose (dose delivered
directly between two microbeams) adjacent to the central microbeam. Additionally, the
peak-to-valley dose ratio (PVDR) was tabulated as a function of depth in the phantom for
the three beamlines. The PVDR is a commonly used metric used to predict biological
response to a specific MRT geometry, with more normal tissue sparing expected with a
higher PVDR. Further Monte Carlo simulations and examination of the PVDR will be

presented in Chapter 6.

3.2.11 Microbeam array: Multi-slit collimator alignment (05B1-1)

For experimental irradiations, the MSC was used to create the microbeam pattern. The
dependence of the output through the MSC on angular offset was investigated to better
understand the accuracy required in aligning the MSC. The MSC was aligned on a
precision stage allowing rotational adjustments in three orientations, as well as in the
vertical and horizontal directions. The MSC was roughly centered and aligned using a
fluorescent screen, followed by more precise adjustments made using either an ionization
chamber or a beamline CCD camera as a detector. The coordinate system used to
describe the beam propagation and dimensions is shown in Fig. 1.15. The x-axis lies in
the horizontal plane (the plane of the storage ring), the y-axis is in the vertical direction,
and the z-axis is along the direction of beam propagation. The dependence of output on

angle in the pitch (rotation about the x-axis), yaw (rotation about the y-axis), and roll
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(rotation about the z-axis) orientations was determined by measuring the relative reading

of the PRO6C chamber with changing angle.

3.2.12 Microbeam array: Vertical and horizontal profiles;, microbeam width and peak
dose with depth (05B1-1)

The dose distribution produced by the 75-microbeam array was characterized with EBT2
film over multiple experimental sessions on the 05B1-1 beamline. A filtered (0.938 mm
Cu) polyenergetic broad beam was used for these experiments. After positioning and
aligning the MSC (at 24.76 m from the BM source), film was placed in or on the surface
of a Solid Water phantom (Fig. 3.5) at 25.70 m from the source. A vertical profile was
analyzed from film placed on the surface exposed to a 3000 mAs irradiation. Horizontal
dose profiles and corresponding peak doses and peak widths were extracted for the
central microbeam as a function of depth using 500 mAs film exposures. Additionally,
the relative peak and valley doses were scored for each microbeam in the array for
exposures of 25 to 3000 mAs at the surface of the Solid Water. The change in the central
microbeam width with distance from the collimator was investigated through film
measurements (at the surface) with the phantom at distances of 24.88 and 25.89 m from
the source.

For comparison to Monte Carlo prediction, a more accurate measurement of the
horizontal dose profile at the surface was made using the two-film technique suggested
by Crosbie et al.** (Section 1.3.2.2): Gafchromic HD810 and EBT2 radiochromic films
were used to measure the high dose peak region and the low dose valley regions,
respectively. The two types of film were stacked (EBT2 downstream) and placed on the
surface of Solid Water.

MU|t|'Sl|t Microbeam Film on SO“d

Filtered, Broad Photon Beam X
Collimator Array Water

Figure 3.5 Experimental setup for film measurements of the microbeam array.
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3.3 Results and discussion

3.3.1 Output: Linearity with current-time product (05B1-1)

The relationship between storage ring current-time product (as controlled via the fast
imaging shutters) and the average ion chamber reading is reported in Table 3.3. The
results indicate that the deviation from linearity is within 1.1% for an exposure of 20 mAs
or greater. This corresponds to an irradiation time between 80 and 130 ms depending on
the electron beam current in the storage ring. The percent difference between a linear fit
and the measured ion chamber response increases rapidly from 10.9% to nearly 130%
between 5 and 1 mAs, respectively. These values correspond to irradiation times
between 4 and 33 ms. The large deviations indicate that for reproducibility, the current-

time product must remain above 5 — 10 mAs depending on the required accuracy.

Table 3.3 Test for linearity between the current-time product and the ion
chamber reading on the 05B1-1 beamline.

Current-time Average ion chamber Deviation
product (mAs) reading (nC) from fit (%)

10000 86.50 0.0
2000 17.25 0.3
1000 8.68 0.4

500 4.33 0.1

200 1.73 0.0

100 0.866 0.1

50 0.436 0.8

20 0.175 1.1

10 0.089 2.8

5 0.048 10.9

2 0.021 21.0

1 0.020 129.7

3.3.2  Output: CT monochromator stability (051D-2)

The relative change in the electron storage ring current and the 05ID-2 beam output as
measured by the Victoreen 480 free air ionization chamber over nearly 6 hours is plotted
in Fig. 3.6. The current in the storage ring decays in a regular manner. If the beamline

output were stable, the free air chamber current would decay at the same rate as the
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storage ring current. Instead, the output from the CT monochromator decays very rapidly

over the first 2 hours.
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Figure 3.6 The relative storage ring current and CT monochromator output as
measured by the Victoreen 480 free air chamber over several hours on the 05ID-2
beamline.

The discontinuity just after 120 minutes coincided with an adjustment of the
monochromator parameters, after which the measured beamline output started slowly
increasing. The non-linear and inconsistent relationship between the storage ring current
and monochromator output limited the accuracy and repeatability of measurements on the
05ID-2 beamline. The unexpected output is likely predominantly due to thermal effects
in the monochromator’s crystal. Implementation of a feedback system to adjust the
monochromator angle with changing output, as is available on the 05BI1-1

monochromator, would mitigate this issue, and is planned for the future.

3.3.3 Broad beam geometric characterization: Vertical profile (05B1-1)

The three measurements of the vertical profile for the largest available nominal vertical
collimator setting of 8.7 mm are shown in Figure 3.7(a). There is good agreement
between the measurements except in the tails, where it appears that the ion chamber-slit
system did not accurately characterize the beam edges, and the radiochromic film may be

overestimating the dose. The profile measured using the ion chamber underestimates the
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dose due to the additional collimation provided by the slit assembly which would reduce
the in-air scatter and provide the greatest attenuation for the x-rays propagating at an
angle with respect to the slit orientation, which are the lowest energy x-rays at the edges
of the beam profile. The uncertainty of the edges of the beam profile measured with film
is likely due to uncertainty in the film calibration at these low doses. The similarity
between the three profiles suggests that energy dependence of the detectors is not
significantly influencing the shape of the curve despite the changing energy spectrum
across the beam height. The FWHM of the 0.938 mm Cu filtered x-ray beam is 2.57,
2.74 and 2.81 mm based on the ion chamber, film and diamond detector measurements,
respectively. Relative to the film FWHM, this equates to -5.2 % for the ion chamber and
+3.7 % for the diamond detector measurements.

Beam profile measurements using the ion chamber-slit method for four other
energies are plotted in Fig. 3.7(b). In general, the beam height decreases as the mean
energy increases. The FWHM of the 1.103 mm Cu filtered beam is slightly less than the
0.938 mm Cu filtration at 2.51 mm. The polyenergetic unfiltered beam has the lowest
energy components, and thus provides the widest possible beam at 3.64 mm. Finally, the
two monoenergetic beam widths are 3.32 and 2.95 mm for 20.0 and 33.3 keV,

respectively.
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Figure 3.7 The 05B1-1 vertical beam profile. (a) The filtered (0.938 mm Cu)
profile measured using EBT2 film, a Capintec PRO6C cavity ionization chamber
and a beam-defining slit, and a PTW diamond detector. (b) The beam profile
measured with the PRO6C ionization chamber for 20.0 and 33.3 keV
monoenergetic beams, the unfiltered polyenergetic beam, and the beam after
1.103 mm Cu filtration.

3.3.4 Broad beam geometric characterization: Horizontal and vertical beam size with
collimator setting (05B1-1)

The vertical beam profiles measured with EBT2 film as a function of nominal collimator
settings are shown in Fig. 3.8 for the 0.938 mm Cu filtered 05B1-1 beam. The results
demonstrate the asymmetry of the beam for all collimator settings below 8.7 mm,
suggesting some misalignment of the collimators. The nominal setting also bears little
correspondence to the true beam size, as shown by the measured FWHMs given in Table
3.4. For collimator settings of 2.0 mm or less, the deviation from the measured FWHM
increases as the collimator size is decreased, with the greatest discrepancy of nearly 0.8
mm seen for the 0.1 mm setting. The differences between the collimated and measured
beam width for settings of 5 mm and above reflect the natural shape of the beam, rather
than inadequacies of the collimation. In general, the deviations highlight the necessity of
independently verifying the beam size and symmetry for experimentation rather than

relying on nominal beamline settings.
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Figure 3.8 The vertical beam profiles measured with Gafchromic EBT2 film for
various nominal vertical collimator settings. The measurements were taken with

a beam filtration of 0.938 mm Cu. Each individual curve is self-normalized.

Measured beam widths as a function of horizontal collimator setting (and using
the largest vertical setting of 8.7 mm) are presented in Table 3.4. The results show a
deviation of approximately 0.3 mm for beam settings of 4 mm and smaller. At larger

settings, the nominal collimation value and measured FWHM show excellent agreement

(within ~ 0.1 mm).

Table 3.4 The 05B1-1 collimator settings and measured vertical and horizontal

beam sizes (FWHM) for the 05B1-1 beamline.

Collimator Measured Difference Collimator Measured Difference
Setting (mm) (FWHM) (mm) Setting (mm) (FWHM) (mm)
Vertical Horizontal

0.1 0.88 0.78 1.0 0.7 0.3
0.2 0.94 0.74 2.0 1.7 0.3
0.4 1.12 0.72 4.0 3.7 0.3
0.6 1.29 0.69 6.0 5.9 0.1
0.8 1.47 0.67 8.0 7.9 0.1
1.0 1.63 0.63 10.0 10.0 0.0
2.0 2.22 0.22 20.0 20.0 0.0
5.0 2.62 -2.38

8.7 2.65 -6.05
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3.3.5 Broad beam geometric characterization: Divergence (05BI1-1)

Based on the measurements of the vertical beam size of the uncollimated, unfiltered
05BI1-1 beam at distances of 25.0 and 28.3 m from the source, the full beam height
increases from 7.93 to 9.03 mm. From this, the full vertical opening angle was

determined to be 0.32 + 0.01 mrad.

3.3.6 Broad beam energy: Theoretical energy spectra (05B1-1 and 051D-2)

The dependence of the energy spectrum calculated using SPECTRA on input parameters
is quantified in Table 3.5. The percentage change in mean energy, first half-value layer
(Cu), and air kerma rate are tabulated as a result of either a 2% or 0.5 mm (for vertical
position with respect to the horizontal axis) increase in the storage ring, magnet source, or
experimental condition parameters. These results are specific to the 05B1-1 beamline
with the given filtration — either only the inherent beamline windows, or with an
additional 1.103 mm Cu filtration. The factors that had the strongest influence on the
beam energy, HVL and air kerma rate are the storage ring energy, magnetic field
strength, the distance travelled in air, and the vertical position in the beam (with respect
to the horizontal (x,z)-plane). The storage ring energy and magnetic field strength at the
CLS are known precisely (< 0.01% and < 0.1% uncertainty in storage ring energy and

magnetic field, respectively *>*°

), and thus will have a minimal impact on the energy
spectra calculations. The strong dependence on the vertical position within the beam
highlights the importance of careful alignment in the beam when taking point
measurements.

The calculated energy spectra for the 05B1-1 beamline with a variety of filtrations
are illustrated in Fig. 3.9(a), and the associated mean energies and relative flux are
reported in Table 3.6. As expected, the mean energy increases with increasing filtration.
The 05ID-2 beamline energy spectra are shown in Fig. 3.9(b). The reduction in intensity
for the SOE-1 curve is due to the fact that the energy spectrum was calculated at a
distance twice that for the POE-1 curves with the same sized rectangular slit, and is thus

selecting a smaller angular section of the beam. The MRT filters referenced in Fig.

3.9(b) and Table 3.6 are those described in Section 3.2.6.
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Table 3.5 Dependence on storage ring characteristics, magnet source parameters,
and experimental conditions for the 05B1-1 beamline filtered with the beamline
windows only (no added filtration) and an additional 1.103 mm Cu.

A Mearol Energy AHVL (%) AAIr keorma rate
Parameter (%) (%)
Category (A =+2% or No No No
+0.5 mm) added 1.103 added 1.103 added 1.103
filtration m Cu filtration Cu filtration Cu
Energy 1.73 1.30 3.97 3.22 9.76 32.98
Emittance <0.01 <0.01 <0.01 <0.01 <0.01 -0.02
B-function (x) 0 0 0 0 0 0
Storage ring B-function (y) <0.01 <0.01 <0.01 <0.01 <0.01 0.02
characteristics
Energy spread 0 0 0 0 0 0
Bunch length 0 0 0 0 0 0
Dispersion 0 0 0 0 0 0
Coupling <0.01 <0.01 <0.01 <0.01 <0.01 -0.02
Source Magnetic field 0.86 0.65 1.97 1.60 2.76 13.20
Source to <0.01  <0.01  <0.01 <001  -387  -3.84
calculation point
] Distance
Experimental travelled in air 0.33 0.01 0.72 0.02 -2.23 -0.28
conditions
Air density 0.33 0.01 0.72 0.02 -2.23 -0.28
Vertical position 0.76 -0.56 -1.74 -1.38 -2.87 -11.02
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Figure 3.9 (a) The 05B1-1 beamline and (b) 05ID-2 beamline energy spectra on
a log-linear plot. The energy spectra were calculated for various filtrations for
both beamlines. The 05ID-2 beamline spectra were calculated for two beamline
hutches.
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Table 3.6 The mean energy and relative flux for the polyenergetic BMIT

beamlines.
Filtrati Mean Energy Normalized Total
tiration (keV) Photon Flux
05B1-1
None 21.9 =1.00
0.552 mm Cu 47.8 1.23x 10
0.552 mm Cu 3
13 mm Al 53.5 2.82x 10
0.938 mm Cu 54.0 414x 103
1.103 mm Cu 56.0 2.87x103
2.210 mm Cu 65.9 4.69x 10™
05ID-2
None (POE-2) 37.4 =1.00
None (SOE-1) 41.2 1.86x 10!
MRT filters (POE-2) 100.7 2.71x 107

3.3.7 Broad beam energy: Half-value layer values (05B1-1 and 051D-2)

The theoretical and experimental transmission through copper and aluminum for the
05B1-1 beamline are shown in Fig. 3.10(a) and 3.10(b), respectively. The theoretical and
fitted experimental first HVLs are tallied in Table 3.7. The agreement between the
theoretical and measured HVLs for the 20.0 and 33.3 keV monoenergetic x-ray beams
was 4.6% and 2.6%, respectively. The measured HVLs predict energies of 20.2 and 33.5
keV, which correspond to a 1.0 and 0.7% discrepancy in the predicted and measured
energies, respectively. This agreement validates the nominal beam energy based on the
monochromator angle. Additionally, the results demonstrate that the HVL measurements
have the potential to be reasonably accurate.

The discrepancy between the theoretical and measured HVL for the polyenergetic
beams was greater than for the monoenergetic beams. The theoretical HVL is
consistently greater than the measured value, which means SPECTRA calculates a
slightly higher energy polyenergetic beam than is measured. The discrepancy increased
as the filtration, and thus the mean energy of the beam, decreased. This could mean that
the HVL measurement has inherently more uncertainty at lower photon energies. The

additional uncertainty at the low energies could be due to the thinner Al and Cu filters
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used for the measurement, resulting in greater uncertainty in the dimensions of the filters
due to mechanical stress. Additionally at lower energies, any impurities in the Al and Cu
filters may cause greater attenuation than expected, and could help explain the lower
penetrability of the measured beams, but is unlikely to explain the magnitude of the
discrepancies. Due to the much better agreement achieved for the low energy,
monoenergetic beams, it is likely that the theoretical energy spectrum calculated by
SPECTRA is less accurate in the low energy components of the x-ray beam.

To further investigate the relationship between measured HVL and beam energy,
the theoretical filtration of the beam was reduced until the theoretical and measured
HVLs were equal. For the lowest energy filtered (0.552 mm Cu) polyenergetic beam
with the greatest discrepancy between theoretical and experimental HVLs, this resulted in
a decrease in mean energy of 5.2%. Following the same procedure for the other
conditions, the discrepancies in mean energy were 3.4, 2.3, 2.3, and 1.0% for filtrations
of 0.552mm Cu + 13 mm Al 0.938 mm Cu, 1.103 mm Cu and 2.210 mm Cu,
respectively. These results demonstrate that the percent error in the beam’s mean energy

is less than half of the corresponding percent error in the HVLs.
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Figure 3.10 The HVL beam quality measurements in terms of (a) Cu and (b) Al
thickness for various filtered polyenergetic and monoenergetic 05B1-1 beams.
The experimental values are represented by discrete points and the theoretical

values by solid

lines. (c¢) The HVLs for monoenergetic 05ID-2 beams.

measurements are displayed as circles, and Al measurements as squares.
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Table 3.7 The theoretical and measured first HVLs for both the 05B1-1 and
05ID-2 beamlines. The polyenergetic beam quality is specified by the filtration,
while the monoenergetic beam quality is specified by the nominal energy.

. . Theoretical HVL ~ Measured HVL Percent Difference
Filtration or Energy

(mm) (mm) (%)
05B1-1 Beamline
20.0 keV 0.75 (Al 0.78 (Al) 4.6
33.3 keV 2.96 (Al) 3.03 (Al) 2.6
0.552 mm Cu 0.23 (Cu) 0.20 (Cu) -14.2
0.552 mm Cu + 13 mm Al 0.32 (Cu) 0.29 (Cu) -9.1
0.938 mm Cu 7.23 (Al) 6.72 (Al) -7.1
0.33 (Cu) 0.31 (Cu) -6.4
1.102 mm Cu 7.71 (Al) 7.26 (Al) -5.9
0.37 (Cu) 0.34 (Cu) -6.3
2.210 mm Cu 0.57 (Cu) 0.56 (Cu) -2.5
05ID-2 Beamline
40 keV 4.52 (Al) 5.06 (Al) 11.9
80 keV 1.01 (Cu) 0.99 (Cu) -2.6
100 keV 1.69 (Cu) 1.58 (Cu) -6.2
150 keV 3.49 (Cu) 3.53 (Cu) 1.1

The 05ID-2 beamline monoenergetic results are shown in Fig. 3.10(c), and the
tabulated results are shown in Table 3.7. The agreement between experiment and theory
was best for the highest energy beam (150 keV) and worst for the lowest energy beam
(40 keV). The measured HVL for 40 keV indicated a higher energy beam than the
theoretical predictions, and corresponds to a discrepancy of 2 keV. A possible
contribution to the discrepancy is the influence of higher order harmonics from the
monochromator, in this case expected at 120 keV, contaminating the monoenergetic
beam. There is evidence of harmonics for the 40 keV beam in the spectroscopy results

(Section 3.3.8).

3.3.8 Broad beam energy: Spectroscopy (05ID-2)

Histograms of the spectroscopic measurements of four monoenegetic x-ray beams on the
05ID-2 beamline are shown in Fig. 3.11. The measured Compton peak and

corresponding calculated incident beam energy (Eq. 3.1) are given in Table 3.8. The
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agreement between the measured and expected energies was less than 1 % for all energies

except the highest energy beam at 150 keV, which had a percent difference of 3.3 %.
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Figure 3.11 The spectrometer output of counts versus energy for the Compton
scattered photons from the 05ID-2 beamline. The measured beam energy was
determined based on the position of the Compton peaks.

The nature of a monochromator (i.e. the diffraction from a crystal) allows not
only the fundamental desired frequency to be emitted, but also higher order harmonics
that are multiples of the fundamental frequency. At the lowest monoenergetic beam (40
keV), the second and third harmonic would be 80 and 120 keV, respectively, but for the
specific crystal in the monochromator the second harmonic corresponds to a forbidden
reflection. It can be seen that there are non-negligible components at higher energies, and
the 40 keV spectroscopic measurements (Fig. 3.11(a)) show evidence of harmonics.
Above the fundamental Compton peak at 37 keV, the other most prominent Compton
peak corresponds to an incident energy of ~ 117 keV, which is similar to the expected
energy of the third harmonic. The peak at 117 keV has an area of ~3.6 % of the

fundamental peak’s area.
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Table 3.8 The nominal, Compton peak, and measured incident x-ray energies
(via Eq. 3.1) for the four monoenergies examined on the 05ID-2 beamline.

M dE
Nominal Energy (keV)  Compton Peak (keV) eaSIE(eeV) nerey Difference (%)
40 37.02 3991 0.22
80 69.23 80.29 0.37
100 83.74 100.15 0.15
150 118.89 154.94 3.29

3.3.9 Broad beam energy: Percent depth dose (05B1-1 and 05ID-2)

The experimental (Wellhofer IC10, PTW 23342, and EBT2 film) and theoretical (Monte
Carlo) percent depth dose curves for the 05B1-1 beamline filtered with 0.938 mm Cu are
shown in Fig. 3.12(a). Past 5 mm, the deviation between any two of the curves was a
maximum of 2.4 %. The greatest deviation, 5.4 %, occurred at a depth of 1 mm. This
was expected due to the difficulty in accurate measurements near the surface. The Monte
Carlo predicted PDD is slightly more penetrating than the measured curves. This is
consistent with our HVL measurements, which yielded values approximately 7 % lower
than the theoretical HVL (for this particular polyenergetic beam). The depth in water at
which the PDD drops to 50 % (D50) for the five measurements and Monte Carlo
prediction are given in Table 3.9. The mean experimental value is 34.7 = 0.7 mm, which
is 3.6 % lower than the predicted value of 36.0 mm.

The PDD curves for the 05B1-1 beamline were measured with the Welhoffer
IC10 and water phantom for an additional polyenergetic beam (1.103 mm Cu filtration),
and two monoenergetic beams (33.3 and 20.0 keV). The curves are plotted in Fig.
3.12(b), normalized to the shallowest measurement depth of 4.1 mm. Tabulated (Table
3.9) D50 doses are based on the polynomial fits to the measured PDDs. As expected, the
1.103 mm Cu filtered beam is slightly more penetrating than the 0.938 mm Cu filtered
beam. There is approximately a three-fold increase in the D50 value from the
monoenergetic 20.0 keV beam (1.29 cm) to the polyenergetic 1.103 mm Cu beam (3.72
cm). The uncertainty in Table 3.9 takes into account the uncertainty in the polynomial fit
performed in MATLAB to estimate the surface dose (which could not be measured using

our horizontal water phantom (Fig. 3.4)).
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Figure 3.12 (a) For the 05B1-1 beamline with 0.938 mm Cu filtration,
comparison of measured PDDs in water or Solid Water for three different
detectors to Monte Carlo prediction. (b) PDDs for three different beam qualities
(two monoenergetic, one polyenergetic) on the 05B1-1 beamline measured with
the Welhoffer IC10 chamber in the in-house built water phantom. The curves
were normalized at the shallowest measurement depth (4.1 mm), and a
polynomial fit was used to predict the dose at shallower depths.
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Table 3.9 The depth at which the dose falls to 50 % (D50) in water for various
energies or filtrations on the 05B1-1 beamline.

Energy or Filtration Dosimeter D50 (mm)
0.938 mm Cu Monte Carlo 36.0
Wellhofer IC10 35.0
PTW 23342 342
EBT2 100 mAs 35.0
EBT2 500 mAs 33.9
EBT2 1000 mAs 35.6
1.103 mm Cu Wellhofer IC10 372+ 14
333 keV Wellhofer IC10 25.8+0.9
20.0 keV Wellhofer IC10 129+1.5

3.3.10 Microbeam array: Monte Carlo dose distributions (05B1-1 and 05ID-2)

The Monte Carlo-simulated microbeam horizontal dose profiles as a function of depth are
shown in Fig. 3.13 for the filtered 05B1-1 and 05ID-2 beamlines. Corresponding peak
and valley PDDs for these beamlines and additionally for the ESRF ID17 beamline are
given in Fig. 3.14(a). The lower energy 05B1-1 peak dose falls off more rapidly than the
05ID-2 or ESRF ID17 beams: D50 is 31.7 mm for 05B1-1, 43.3 mm for 05ID-2, and
44.3 mm for ESRF ID17. Although it is not visible on the plot, the valley dose for all
beamlines has a build-up region over the first 11 mm. The valley dose increases by
approximately 30 % of its maximum over the build-up region, then monotonically
decreases with depth. Even at its maximum, the valley dose does not exceed 2 % of the

entrance peak dose.
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Figure 3.13 The horizontal dose profiles for the (a) filtered 05B1-1 beamline and
(b) filtered 05ID-2 beamline for various depths in a cylindrical water phantom.
The simulations were performed assuming microbeam widths of 50 pm and 25
pum for the 05B1-1 and 05ID-2 beamlines, respectively.

Fig. 3.14(b) shows the peak-to-valley-dose ratio (PVDR) as a function of depth.
The similarity between the 05ID-2 and ESRF ID17 PVDRs suggests that the
appropriately filtered BMIT 05ID-2 beamline has the potential to create the spatially
fractionated dose distribution necessary to achieve the high normal tissue sparing
characteristic of microbeam irradiations. Further Monte Carlo calculations in a cubic

head phantom for the 05ID-2 beamline energy spectrum are reported in Chapter 6.
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Figure 3.14 The depth dose distributions of the two BMIT beamlines and the
ESRF ID17 beamline. (a) Peak (solid lines) and valley doses (dashed lines) with
depth. (b) The peak-to-valley dose ratio (PVDR) is plotted with depth.

3.3.11 Microbeam array: Multi-slit collimator alignment

Output through the MSC with changing angular position in the yaw, pitch, and roll
orientations is shown in Fig. 3.15. The results confirm the expectation that the output is
strongly dependent on rotation of the MSC in the yaw orientation (about the vertical axis)

(Fig. 3.15(a)) — no output was detected by the PRO6C ion chamber after a misalignment

115



of only 0.4°. The effect was confirmed with EBT2 Gafchromic film measurements.
There was a gradual reduction in microbeam height and width as the MSC was rotated,
until the microbeams vanished between a yaw angle of 0.35° and 0.4°. Based on
geometric consideration of a perfectly parallel beam and perfectly constructed collimator
(‘Predicted’ line in Fig. 3.15(a)), complete obstruction of the SR beam would be
predicted for a rotation of approximately 0.05° less than our measured values. Although
there is a strong dependence on the MSC alignment in the yaw direction, reproducible

alignment can be achieved with the rotating stage and an ionization chamber.
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Figure 3.15 The relative ion chamber output through the multi-slit collimator
(MSC) with adjustments in the MSC's (a) yaw, (b) pitch and (c) roll.

The alignment of the MSC’s pitch and roll is simpler. As seen in Figure 3.15(b)
and 3.15(c), the output is less sensitive to small angular misalignments in these

orientations, and the alignment can be aided with a level.

3.3.12 Microbeam array: Horizontal and vertical profiles (05B1-1)

The horizontal dose profile (at zero depth in phantom) across a single microbeam in the
array is shown for two distances from the BM source in Fig. 3.16. The upstream
microbeam profile has a width of 48.3 um and the downstream profile has a width of 52.5
um. The change in microbeam width was 4.2 pm as a result of traveling 1.01 m farther in
air, which is likely due to both beam divergence and scattering in air. Horizontal profiles,
such as those in Fig. 3.16, were averaged over the central 2 mm of the beam vertically to
reduce the pixel fluctuations.

The vertical microbeam profile is shown in Fig. 3.17. The profile shows the fall
off of dose when moving away from the central axis, as was demonstrated in the vertical
profile of the broad beam (Fig. 3.7). The film reading was smoothed in MATLAB using

a moving average filter to reduce signal noise.
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Figure 3.16 The change in microbeam profile resulting from moving 1.01 m
farther from the source, as measured with Gafchromic EBT2 film.
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Figure 3.17 Vertical profile over the central microbeam after a 3000 mAs
exposure as measured with Gafchromic EBT2 film.
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Figure 3.18 The Monte Carlo-generated horizontal dose profile compared to the
HD810 and EBT2 film profiles for an exposure of 30000 mAs. The Monte Carlo
and HD810 curves have been normalized to 1.

Figure 3.18 compares the shapes of the Monte Carlo simulated horizontal dose
profile to HD810 and EBT2 film measurements of a 30000 mAs exposure. Both the high
(HD810) and low dose (EBT2) calibrated film measurements were normalized to the
maximum measured dose (HD810 peak). The Monte Carlo result is normalized to one.
The valley dose (at 200 pm) simulated using Monte Carlo is 1.4% of the peak dose, while
the EBT2 measurement is 1.8% of the peak dose. This converts to a PVDR of 72.3
(Monte Carlo) and 56.1 (radiochromic film). Although the PVDRs differ by more than
20%, the discrepancy is not particularly surprising given that Crosbie et al. reported
PVDR uncertainties of up to 35% using this two-film method.”' This was dominated by
uncertainties in the valley dose. Further measurements would be required to investigate
the repeatability of this measurement, as well as to determine the optimal dose range
given the sensitivities of the HD810 and EBT2/EBT3 films.

The film and Monte Carlo profiles provide nearly the same FWHM, but differ in
shape. The latter is likely due to two issues: first, the Monte Carlo simulations modeled
an ideal beam, ignoring the physical beam’s divergence, scattering from the MSC, and
scattering in air. Secondly, the digitization of the film using a flat bed scanner has

limited resolution.
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3.3.13 Microbeam array: Horizontal profiles, microbeam width and peak dose (05B1-1)

The Gafchromic EBT2 horizontal dose profiles for the central microbeam at several
depths between 0 and 10 cm in Solid Water are plotted in Fig. 3.19(a). The profiles are
normalized to the highest dose, which was measured at the “dmax” depth of 1 mm.
Based on our Monte Carlo results (Fig. 3.14(a)), the enhanced dose at 1 mm depth is
unexpected. A dose buildup has been demonstrated by other authors performing
simulations of microbeam PDDs with finer depth bins. However, the buildup regions
were very small: ~ 20 um for a beam with mean energy of 125 keV** and ~ 10 um for a
beam with mean energy of 107 keV."” Thus, at the 54 keV mean energy for our 05B1-1
beam, dmax would be expected to be smaller still. Nevertheless, a dmax beyond the
surface of Solid Water was repeatedly observed with both Gafchromic EBT2 and HD810
film in our measurements. Beyond the 1 mm depth, the horizontal dose profiles
monotonically decreased in dose.

The corresponding PDD in the microbeam peak is plotted in Figure 3.19(b) as a
function of depth. The black circles show the Monte Carlo prediction of the PDD for the
microbeam array (50 um wide microbeams, 400 um separation). There are discrepancies
of up to 8.2% between measured and simulated data points, although the experimental
and theoretical curves are quite similar in shape. Uncertainties in the normalization point
limit the accuracy of the experimental curve.

The measured microbeam widths are also shown in Figure 3.19(b). Over the first
5 mm depth, the measured width increases slowly, and has an average FWHM of 45.5 £+
0.3 um. Beyond this, the microbeam width increases more rapidly with depth, until it
reaches 57.9 pm at 10 cm depth. The results depicted in Fig. 3.16 suggest we would
expect an increase in width of only approximately 0.4 pm due to beam divergence over
this 10 cm. The increase of 12.4 um is thus primarily attributed to scatter in the water

phantom.
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Figure 3.19 (a) Horizontal dose profiles of the 50 x 400 um array measured with
EBT2 film for various depths in Solid Water on the 05B1-1 beamline filtered
with 0.938 mm Cu. (b) The corresponding microbeam (MB) width and percent
depth dose (PDD) from (a). The Monte Carlo—generated PDD (Fig. 3.14(a)) is
also plotted (black circles, no line) to compare to the film measurements.

The relative peak and valley doses measured at the surface of Solid Water for
each of the 75 microbeams in the microbeam array are plotted in Fig. 3.20(a) and 3.20(b),
respectively. The curves are all normalized to the mean value. Both plots demonstrate
the fall off in peak and valley dose at the edges of the 3.2 cm wide array. This fall off is
attributed to the loss of scatter radiation from either of the edges of the array. Because

the MSC and the incident x-ray beam were not altered between successive film
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measurements, the variation between the different exposures can be attributed to variation
in the film response or digitzation, or nonuniform uncertainties in film calibration at
different dose levels. The variation in the peak dose of individual microbeams was most
extreme for the lowest exposure of 25 mAs, which had a standard deviation of 0.072.
The standard deviation for the four higher exposures fell between 0.034 and 0.042. There
was a much greater variation in relative valley dose over the whole microbeam array.
The standard deviation across the microbeam array was lowest for the 100 mAs exposure
at 0.155, and highest again for the 25 mAs exposure at 0.227.

The average surface peak to valley dose ratio was also determined from these
measurements. The results further highlight the uncertainty of the radiochromic film
measurements of the microbeams. Because the PVDR depends only on geometry and
depth, its value should not change with exposure, yet the measured results in Table 3.10
superficially suggest otherwise. The PVDRs measured with exposures of 25 and 100
mAs are much lower than expected based on Monte Carlo results (Fig. 3.14(b)). This is
likely because the very low doses in the valley region are approaching the minimal dose
measurable with EBT2 (e.g., less than approximately 1 cGy), in combination with greater
uncertainties in the calibration curve at these low doses. The PVDRs measured at 1000
and 3000 mAs with EBT2 are within 5% of the PVDR value using the two-film
technique with a 30000 mAs exposure. As mentioned above, the lower measured PVDR
compared to the theoretical value is partially explained by the Monte Carlo calculations
not taking into account the divergence of the microbeams, or the scattering off the

collimator or in air before the water phantom.
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Figure 3.20 The relative peak (a) and valley (b) doses for each microbeam in the
array measured using Gafchromic EBT2 film.

Table 3.10 The peak-to-valley dose ratio (PVDR) averaged over the whole
microbeam array and measured with Gafchromic EBT2 film at various exposures

on the filtered 05B1-1 beamline.

Exposure (mAs) Average PVDR
25 7.3
100 23.1
500 51.0
1000 58.7
3000 58.5
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3.4 Conclusions

The characterization of the BMIT beamlines is important to validate the input needed for
analytical calculations (e.g., correction factors for dosimetric measurements (Chapter 4)),
and for Monte Carlo simulations. Many measurements have been performed on the
05B1-1 beamline to investigate its output, beam energy quality, broad beam geometry,
and microbeam geometry. The comparison of theoretical prediction of energy with half-
value layer and percent depth dose measurements suggest that the calculated energy is
slightly greater than is measured, with greater discrepancies in less filtered (lower
energy) beams. A description of the broad beam geometry for varying energy and
beamline collimator settings was presented. This experimental data will be important for
experimental dosimetry as will be described in Chapter 5. A series of measurements was
also taken for the beam collimated by the MSC. The measurements, predominantly using
radiochromic film, were compared to Monte Carlo simulations. Despite many
uncertainties and approximations in the experimental and theoretical data, the microbeam
array studies showed reasonable similarity between the measurements and simulations.
Our Monte Carlo simulations are limited by the absence of divergence, photon fluence
non-uniformities over the broad photon beam,* scattering and transmission due to the
MSC, and scattering in air. Radiochromic film measurements are potentially valuable in
providing verification of delivery, and quantifying the spatial distribution of microbeam
deliveries. However, the use of film for relative dosimetry is challenging at these high
resolutions. The largest challenges to overcome are the spatial resolution of the
digitization method, as well as the intrinsic response variation across a sheet of film,*’
which are difficult to correct for at microbeam resolutions.

The features of the recently available, more complex 05ID-2 beamline have only
begun to be investigated. The CT monochromator was used to create monoenergetic
beams, whose quality was investigated through HVL measurements and Compton
spectroscopy. Additional measurements were limited by the instability of the CT
monochromator, but this will likely be corrected in the future through the implementation

of a feedback system to control the monochromator angle with changing heat loads.
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4 ABSOLUTE AIR KERMA RATE MEASUREMENTS
USING A CYLINDRICAL FREE-AIR IONIZATION
CHAMBER ON THE 05B1-1 BEAMLINE

4.1 Introduction

The BMIT beamlines were constructed with the intention of imaging and therapy
applications for live animals, and ultimately, for human trials. With this end goal in
mind, the availability of dosimetry for the BMIT beamlines is vital. It is preferable (and
for human studies, required) to use dosimeters traceable to a standards laboratory.

As discussed in Section 1.3, there are many challenges in experimental
synchrotron radiation dosimetry. A synchrotron beam is small (< 1 cm) and non-
uniform; both intensity and relative energy spectrum vary over the beam’s height.
Synchrotron x-ray beams are also relatively low in energy (~10s — 100s of keV). These
unique characteristics result in uncertainties when using dosimeters calibrated for clinical
beams for measurements in a synchrotron beam. An absolute dosimeter, which does not
require calibration, can be used to mitigate the uncertainties introduced by calibrating and
measuring dose in clinical versus synchrotron x-ray beams. Free-air ionization chambers
(FACs) offer accuracy and absoluteness for air kerma measurements.'

There have been relatively few publications describing the use of FACs for
absolute air kerma measurements at synchrotron light sources. Nariyama et al. reported
the development of a small (8.5 cm plate separation) parallel plate FAC for the
measurement of air kerma rates at the SPring-8 synchrotron light source in Japan.” More
recently, as described in Section 1.3.2.1, Crosbie et al. reported on the evaluation of two
parallel plate chambers for air kerma rate measurements at the Australian Synchrotron’s
Imaging and Medical Beamline.’

In this chapter, the process of obtaining absolute air kerma rate measurements using
a cylindrical free air ionization chamber on the 05B1-1 beamline is described. This
includes the measurements of ionization produced in air by the photon beam for various
degrees of filtration, and the determination of correction factors, which are obtained from
Monte Carlo methods, calculations based on the theoretical energy spectrum, values

provided in the literature, and experimental methods.
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4.2 Theory

4.2.1 Free-air ionization chamber

Ionization chambers are one of the most trusted dosimeters in radiation therapy. The
majority of ion chambers in the clinic are used as reference dosimeters after calibration at
a national standards laboratory (e.g., the National Research Council of Canada (NRC)).
However, certain ionization chambers are one of the few types of dosimeters capable of
absoluteness, meaning they “can be used to measure the absorbed dose deposited in its
own sensitive volume without requiring calibration in a known field of radiation.”
These FACs require a large active volume, and are typically too bulky and fragile to be
regularly used outside of national standards laboratories. They are the standard
instrument used for air kerma rate measurements, and the calibration of other dosimeters,
in medium energy x-ray beams (energies in range ~10 — 400 kV*).

FACs are designed to measure exposure, X, which is defined as dQ/dm where dQ
is the total charge of the ions of one sign produced in air when all the electrons liberated
by photons in air of mass dm are completely stopped in air.' There are two general FAC
designs: plane parallel and cylindrical geometry. The more popular, parallel plate design
is shown in Fig. 4.1. The x-ray beam enters the chamber through the chamber’s aperture,
then passes between two parallel plates. A high voltage is applied between the parallel
plates which creates an electric field to collect the ionization produced in the volume, V.
The length, L, of this volume, V, is defined by the electric field lines at the edges of the
collecting plate, and the area of the beam. The collecting volume, V', in which the ions
are collected is defined by the edges of the electric field lines, the width of the electrodes,
and the separation of the electrodes. The guard plates and wires are used to optimize the
position and uniformity of the length-defining electric field lines. A connection between
the collector plate and an electrometer allows quantification of the collected ion pairs. A
lead-lined box surrounds the active volume to only allow photons to enter the chamber
through the aperture. In this configuration, for both parallel' and divergent’ beams,

exposure is determined by
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where p is the density of air, 4,, is the area of the aperture, and L is the length of the
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Figure 4.1 A schematic for a typical plane-parallel FAC. The area of the x-ray
beam entering the chamber is defined by an aperture. The beam passes between a
high voltage plate and grounded, co-planar guard and collector plates. The
ionization produced by electrons liberated in volume V is collected from volume
V’. The wires and guard plates improve electric field uniformity.

For a FAC to strictly measure exposure according to its definition, certain
conditions must be met. These conditions are to ensure the electrons produced by the x-
ray beam in the active volume spend all their energy between the two plates. First, the
separation of the plates must be large enough such that the range of the liberated
electrons is less than the distance between the volume /" and the electrodes. Additionally,
charged-particle equilibrium is required. This is so electrons produced outside of V' (and
thus not to be included in the definition or measurement of exposure), but scattered into
J” before losing all their energy, are compensated by electrons produced in ¥V, but
scattered out of V'’ before expending all their energy. For charged particle equilibrium to

exist, the beam intensity must be uniform over the length of the collecting volume, and
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the distance between the diaphragm and the collecting volume must be greater than the
range of the electrons in air.

There are a few drawbacks of the parallel plate design. First, electronic
equilibrium is required, but it is never strictly present due to the attenuation of the beam
across the collecting length, L. Secondly, for the accurate determination of exposure, the
mass of air must be accurately known. The volume of air is determined by the width of
the chamber, the area of the aperture, and the length of the collecting volume. The length
of the collecting volume, V’, depends on the electric field lines at the edges of the
collector plate, and it is difficult to know with high accuracy. Finally, due to these
constraints on the electric field, parallel plate chambers are fairly fragile and cannot be
easily shipped without concern for changes that could cause uncertainties in the electric
field.

The Attix-type, cylindrical, variable-length FAC (Fig. 4.2) is a novel design that
offers some advantages over the parallel plate design. Like the parallel plate design, the
active volume is surrounded by a lead-lined box to attenuate scattered x-rays. The beam
enters the FAC through an area-defining aperture, and traverses the central axis along the
longitudinal axes of the cylindrical electrodes. Thin windows cover the ends of the
cylindrical electrodes where the beam enters and exits the active volume. The windows
are present to keep out electrons created outside of the active volume.' A high potential
(several kV) is applied to the chamber shell. The charge released through ionization is
collected at an off-centre collecting rod. The collecting rod is small and located far from
the beam (the central axis) to minimize the loss of measured charge due to electrons
striking the rod (< 0.01 %").

The two telescoping cylindrical electrodes facilitate the determination of air
kerma through a difference measurement. Two ionization measurements are taken, one
with the chamber in its collapsed configuration, and the second taken in the extended
configuration that is achieved by movement of the telescoping electrodes (Fig. 4.2). The
positions of both electrodes are adjusted, such that the center (or midline) of the

collecting volume is kept fixed relative to the aperture and x-ray source. For the two
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Figure 4.2 A schematic of a variable-length FAC. (a) The collapsed
configuration showing the FAC’s diaphragm, Pb-lined box, telescoping
electrodes, entrance and exit windows, and collecting rod. (b) The extended
configuration showing the change in length between the two configurations, 4L,
the effective charge collection region V'’ (blue region), and the effective volume
in which measured charge is created, V.

configurations, the only difference in the measured ionization from A and A’ is a slight
increase due to less attenuation for A’ (Fig. 4.2). The same is true for B and B’, except

there is a slight decrease in the charge collected from B’. If the attenuation is linear,
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which is a good approximation for a small degree of attenuation, the change from A to A’
and B to B’ will cancel. In this case, the difference in charge collected between the
collapsed and extended configurations, 40, is due entirely to charge produced in volume

V. With this variable-length cylindrical chamber, exposure is determined as

_d9 _ AQ

dm  pd,AL

(4.2)

where 4L is the change in length between the extended and collapsed configurations.

There are three advantages of the cylindrical, variable-length design over the
plane-parallel design. First, there is no dependence on CPE. The difference technique
allows the measurement of the ion pairs created in the volume V only. Secondly, the
strict requirements for the electric field uniformity for the parallel plate design do not
exist for the Attix-type FAC. Finally, the air mass can be defined more accurately since
it is dependent on the change in length between the collapsed and extended
configurations of the FAC, which can be determined very accurately. This eliminates the
uncertainty involved in the determination of AL for plane parallel FACs, which relies on
the homogeneity of the electric field.

Air kerma, K,;,, can be determined from exposure as measured by a FAC as

follows

ko (), e | I
“p Ay AL \ely I-g ! (4.3)

i
where 40, AL, p,r, and A, are defined above. This conversion from exposure, a measure
of charge released per mass of air, to air kerma, which relates energy released to the air
per mass of air, requires the conversion factor (W/e),;. This factor is the mean energy
spent per unit charge produced in dry air. Additionally, there is a correction required for
the mean energy given to photons emitted via radiative processes. The energy carried
away by these photons is not included in the definition of exposure, but is included in the
definition of air kerma. The correction is given by (/ — g), where g is the fraction of
energy lost by radiative processes.” Finally, several other correction factors, k;, are

required.
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4.2.2  Correction factors

A series of correction factors are required to determine absolute air kerma using a FAC.
Most of these correction factors are shared between the parallel plate and cylindrical
design. These include corrections that are specific to FACs, as well as factors common to

all ionization chambers.

4.2.2.1 Attenuation in air correction, &,

A correction is applied for attenuation of the primary photon fluence in air between the
plane of definition (located at the downstream plane of the diaphragm) to the point of
measurement at the mid-point of the chamber. This distance is referred to as the
attenuation length, L,. The magnitude of this correction will increase with increasing

attenuation length and decreasing incident x-ray energy.

4.2.2.2 Photon scatter correction, k.

Any measured ionization produced from any secondary photon interactions is not
included in the definition of exposure or air kerma. Scattered primary photons and
fluorescence photons contribute most to the required correction.® 1In general, the
correction for photon scatter increases with decreasing energy, and increases with

increasing attenuation length and increasing collecting volume dimensions laterally.

4.2.2.3 Electron loss correction, k.

The definition of exposure requires that all released electrons be stopped in air, thus a
correction is required to account for those electrons that do not expend all of their kinetic
energy before being stopped by the collecting rod, electrodes or chamber walls. The
energy-loss correction varies inversely with the diameter of the electrodes, but has a more
complicated relationship with energy due to the variation in the range of electrons
produced during photoelectric versus Compton interactions, and the relative probability

of these interactions.
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4.2.2.4 Window attenuation correction, &,

The correction for attenuation of the primary photons in the thin entrance window of the
FAC is denoted by k,. As expected, this correction increases with decreasing photon

energy, and increasing window thickness, and changes with window material.

4.2.2.5 Diaphragm transmission and scatter correction, kyiq

A correction is required to account for transmission through and scatter within the
diaphragm. The transmission depends on the diaphragm material, the distance to the
source, and the shape of the aperture.” Scatter from the surface of the aperture requires a
greater correction than diaphragm transmission, and is inversely related to the aperture

. 8
radius.”

4.2.2.6 lonic recombination correction, kion

After an ion pair is produced, it may recombine before reaching the electrodes. A
correction is required to account for the lack of complete collection efficiency. The
correction for ion recombination depends on radiation quality, dose rate, chamber

geometry and applied voltage.

4.2.2.7 Polarity correction, k.

The polarity correction is common to all ionization chambers and can be determined
experimentally. The polarity effect accounts for a change in measured charge with a
reversal of the applied potential polarity. Typically for free air chambers the polarity

correction is less than 0.1%.*

4.2.2.8 Temperature, pressure and humidity corrections, krpy

Corrections for ambient conditions are required to adjust for the density of air.
Attenuation coefficients are tabulated for dry air near sea level conditions, but this does
not describe the conditions at the time of measurement. Humidity correction is required

to account for its effect on both W/e and stopping powers.
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4.3 Materials and methods

4.3.1 The cylindrical, variable-length free air ionization chamber

The commercially manufactured Victoreen Model 480 FAC (Fig. 4.3, The Victoreen
Instrument Co., Cleveland, OH (no longer available)) was used to perform absolute air
kerma rate measurements. The FAC was donated to the National Research Council of
Canada (NRC) by Atomic Energy of Canada, Ltd in 2007. The chamber is an Attix-type
FAC (Fig. 4.2), with two cylindrical electrodes that define the length of the collecting
volume. The aluminum electrodes have a diameter of 30 cm. The two telescoping
cylinders allow a variable length, while maintaining a fixed distance between the source
and the midline of chamber. The ends of the cylindrical electrodes are capped with
PMMA, and have entrance and exit windows (of unknown thickness and composition)

along the axis of the chamber (Fig. 4.4(a)).

Figure 4.3 The Victoreen 480 FAC. The screw holding the diaphragm in place
is visible on the front face of the chamber. The electrode position adjustments
are shown on the side of the FAC. Image taken during refurbishment at the NRC.

In its fully collapsed state, the collecting volume is 32 cm in length, and expands up to 62
cm. The FAC’s plane of definition (the point of measurement) is located at the back plane
of the diaphragm, and is 40.12 cm from the mid-plane of the FAC. The aluminum
collecting electrode is 8 cm below the central axis of the chamber, and has a diameter of

0.95 cm (Fig 4.4(b)). The chamber was designed for effective energies between 40 and
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250 keV. The FAC has a maximum operating voltage of 5000 V. The volume in which
the measured ionization is produced (7 in Fig. 4.2(b)) is defined by the area of the photon
beam traversing the chamber, which itself is defined by a tungsten alloy (Hevimet)
diaphragm with a cylindrical aperture. The diaphragm was designed and fabricated at the
NRC specifically for use on the BMIT beamlines.

The aluminum housing surrounding the cylindrical electrodes has dimensions of
45.0 cm wide x 38.7 cm high x 81.2 cm long. The FAC’s front wall is shielded with
approximately 25.4 mm of lead (Fig. 4.4(c)) housing to limit the detection of transmitted
x-rays through the FAC wall. The total structure is thus quite large and heavy (~150 kg),
which causes challenges in transporting, positioning and alignment of the FAC. At the
rear of the chamber there are connections for the high voltage to be applied, and a

connection between the collecting rod and the electrometer (Fig. 4.4(d)).

Figure 4.4 Details of the Victoreen 480 FAC structure. (a) The flat end of the
upstream cylindrical electrode, including the entrance window. (b) Inside the
cylindrical electrodes and the collecting rod. (c) A side view of the cylindrical
electrode and the lead shielding behind the front wall of the FAC. (d) The rear of
the chamber showing the HV connection (lower left), the electrometer connection
(center), and the cross hairs for alignment (center).
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4.3.2 Preliminary testing and benchmarking against primary standards at the National
Research Council of Canada

Refurbishment and initial testing was performed at the NRC x-ray facility. Two beam
qualities (produced by an x-ray tube) were used to benchmark the refurbished Victoreen
chamber against two primary standard FACs: (1) a 135 kVp beam with a half-value layer
(HVL) of 0.488 mm Cu, and a 60 kVp beam with a HVL of 1.03 mm Al. This Attix-type
chamber was compared against two NRC primary standard FACs, the Low Energy
Exposure Standard (LEES) and the Medium Energy Exposure Standard (MEES), which
are both parallel plate chambers. The LEES has a plate separation of 6.1 cm, and a
collecting length of 4.6 cm;’ the MEES has a plate separation of 35.0 cm and a collecting
length of 10.2 cm.’

4.3.3 Irradiation conditions at the 05B1-1 beamline

Measurements were performed at the CLS (Section 2.5) on the 05B1-1 beamline (Section
2.6.1). Five filtrations were used to adjust the energy spectrum of the polyenergetic
photon beam: 0.552 mm Cu, 13 mm Al + 0.552 mm Cu, 1.103 mm Cu, 2.210 mm Cu,
and 6.102 mm Cu. In addition, two monoenergetic beams (20.0 and 33.3 keV, each with
0.1103 mm Al filtration) were produced using a double crystal Bragg monochromator.
These filtrations were chosen to reduce the dose rate in the polyenergetic beam to a level
with correctable ion recombination, or to match common experimental conditions for
imaging and therapy experiments. The beam was uncollimated in the vertical direction
and 70 mm in the horizontal direction.

The FAC was placed on three motorized stages (Fig. 4.5(a)) that allowed fine (~
25 um) vertical adjustments. The FAC’s plane of definition was placed 25.17 m from the
bending magnet source, and 5.68 m from the beamline’s Be window defining the exit of
the vacuum system. Alignment was an iterative process using progressively smaller
apertures, and both a fluorescence screen (Fig. 4.5(b)) and radiochromic film to verify the
position and size of the beam spot on the exit window of the FAC with respect to its

built-in crosshairs (Fig. 4.4(d)).
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Figure 4.5 (a) The Victoreen 480 positioned on the 05B1-1 beamline’s
motorized stages. (b) A screen shot showing the beam spot on a fluorescent
screen at the rear of the chamber used for alignment.

4.3.4  Air kerma rate determination using the Attix-style FAC

The air kerma rate measurement using the variable-length FAC requires a differential
reading of collected charge or current between the expanded and collapsed positions.
The air kerma, K,; (Gy), is given by Eq. 4.3. An alternative to taking only two charge
measurements, one with the electrodes in the fully collapsed and one in the fully
extended locations, is to take a series of charge measurements at various locations and
apply a linear fit to get a value for 40, /AL. For each beam, 40, /AL was determined
by taking readings with electrode separations of 2, 4, 6 and 8 cm greater than the fully
collapsed position. The readings were taken using a Keithley 6517A electrometer
(Keithley Instruments, Inc., Cleveland, OH, USA). The high voltage was applied using a
Stanford Research Systems PS350 high voltage power supply (Stanford Research
Systems, Inc., Sunnyvale, CA, USA). The readings were taken at -5000 V. At each
measurement the storage ring current (/sz) was recorded, which was used to normalize
the readings. This was necessary because dose rate is directly proportional to the storage
ring current. It was assumed the dose per mA did not change during the experimental
period, which is a reasonable assumption particularly given the magnitude of other
sources of uncertainty.

To relate collected charge to deposited energy we apply (W/e),, which has a
value of 33.97 J/C +0.15 %.'"° The value for Pair 18 1.2048 kg/m3 at the reference
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conditions of 20°C and 101.325 kPa. The fraction of secondary electron energy radiated
away, g, is dependent on energy, and is small for the energies of the synchrotron x-ray
beams. For energies between 10 and 250 kV, the correction for energy transferred to
bremsstrahlung photons, and the component of their energy reabsorbed in the FAC
collecting volume, is less than or equal to 0.02 %,'' and was thus considered negligible
for our work.

To determine the mass of air traversed by the beam within the collecting volume,
the area of the aperture, 4,,, must be known. The specially fabricated diaphragm was
imaged using a microscope with a resolution of 0.64 um per pixel. The aperture area on

each face of the diaphragm was measured from these images.

4.3.5 Determination of correction factors

The correction factors used in Eq. 4.3 were determined with a combination of Monte
Carlo simulations, analytical calculations, experimental measurements, and interpolation

of tabulated factors.

4.3.5.1 The 05B1-1 energy spectra

Analytical calculations and Monte Carlo simulations used to obtain certain correction
factors require knowledge of an x-ray beam's energy spectrum. The energy spectra of the
polyenergetic 05B1-1 photon beams were calculated using the SPECTRA v. 10.0
software, as described in Section 3.2.6 and reported in Section 3.3.6."* The calculations
were at the FAC's plane of definition (25.17 m from the source) for a circular aperture
with a radius of 260 pum.

As an experimental verification of the theoretical energy spectra, the HVL of all
but one of the experimental beams was measured. The procedure is described in Section
3.2.7. The one spectrum not verified experimentally was the 6.103 mm Cu-filtered beam.
The beam filtration, mean energy and measured HVLs are repeated here for easy

reference in Table 4.1.
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Table 4.1 The mono- and polyenergetic beams for which air kerma rates were
measured on the 05B1-1 beamline.

Mode Filtration (mm) Mean Energy, £ Measured half-value
(keV) layer, HVL (mm Cu)

Mono 0.110 (AD 20.0 0.78 mm Al

Mono 0.110 (AD 333 3.03 mm Al

Poly 0.552 (Cu) 453 0.200 mm Cu

Poly 0.552 (Cu) + 51.7 0.291 mm Cu

13 (AD)

Poly 1.103 (Cu) 54.7 0.342 mm Cu

Poly 2.210 (Cu) 65.3 0.557 mm Cu

Poly 6.103 (Cu) 84.0 1.12 mm Cu

4.3.5.2 Monte Carlo simulations (ku, kgc, ke, K, Kdia)

The EGSnrc egs_fac user code'® was developed specifically for performing Monte Carlo
simulations to determine the correction factors of a free air chamber. This code requires
the chamber geometry, x-ray source information, and material data. The simulation
geometry is shown in Fig. 4.6. The images are cross-sections at the center of the
chamber in the y,z-plane (vertical plane, Fig 4.6(a)) and the x,z-plane (horizontal plane,
Fig. 4.6(b)). The simulation geometry consists of a rectangular box of aluminum (0.32
cm thick), which houses two telescoping cylindrical electrodes. Consistent with the
actual FAC dimensions, the outer electrode has a radius, 7., of 15 cm, and the collecting
electrode has a 0.95 cm diameter and is positioned 8 cm below (-y) the central axis of the
chamber. The air-filled collecting volume occupies the space within the outer electrode,
and is defined by polymethyl methacrylate (PMMA) walls on either side of the
cylindrical electrodes. The beam enters and exits the collecting volume through windows
in the PMMA. The composition of the windows is unknown, although based on their
appearance we have assumed the windows to be composed of beryllium for the purpose
of our Monte Carlo simulations. The thickness of the Be windows in the Monte Carlo
geometry is 0.22 mm, which was chosen by matching the tabulated window correction
factors from the Victoreen 480 manual to the theoretically calculated window correction
factors. The 1.29 cm thick tungsten-alloy (Hevimet) diaphragm (modeled as 90%
tungsten, 5% nickel and 5% copper) has a 258 um cylindrical aperture.
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Figure 4.6 The Victoreen 480 geometry used for Monte Carlo simulations. (a)
A side view of the chamber (y,z-plane). (b) A top-view of the chamber (x,z-
plane). The beam travels from right to left in the image. The air is represented as
green, lead shielding as black, the HEVIMET material as dark blue, aluminum as
light brown, and PMMA as white.

The modeled beam size was 5 x 5 mm, which is much smaller horizontally than
the experimental beam. The small beam was used to minimize simulation time, and
because the transmission through the FAC shielding of the relatively low energy beam
was expected to be negligible. The angular spread for each beam source was determined
using SPECTRA, taking into consideration the small angle subtended by the aperture
opening (+ 0.01 mrad). The horizontal and vertical divergences were averaged to
determine the single input for angular spread in egs fac. The angular spread ranged from
0.057 mrad for 20 keV to 0.041 mrad for the 6.103 mm Cu-filtered x-ray beam.

Although the synchrotron x-ray beam is non-uniform in the vertical direction, the
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modeled beam was considered uniform across the small aperture opening. Since the
aperture is so small, the non-uniformity over the beam entering the FAC through the
aperture is relatively small. Between 0.9 and 1.0 X 10° histories were simulated in each
calculation. The calculations were performed using a cluster with 192 AMD Opteron
6276 computation cores. The computation time required for 1.0 x 10 histories per CPU
varied with photon energy, and is shown in Fig. 4.7. The uncertainties associated with
the Monte Carlo-calculated correction factors are statistical. These uncertainties varied
with correction factor and energy, but were less than 0.09 % for all correction factors for
all experimental scenarios.

700

600}
<500}

400 .

Computation Time
N w
o o
C'> o
L]

—
o
=

00 150 200

0 50 1
Energy (keV)

Figure 4.7 The computation time for a single CPU to run 10 histories in egs_fac
as a function of photon energies between 10 and 200 keV.

The egs fac code determines each of the correction factors below using the
following methodology:

a) k, (attenuation). The ratio of the air kerma in the collecting volume to the
collision kerma at the point of measurement (at the downstream face of the
diaphragm) is calculated. This corrects for attenuation in air and in the entrance
window.

b) ks (photon scatter). The code calculates the ratio of the energy deposited in the

collecting volume from primary electrons to the total energy deposited in the
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same volume. As for k,, this accounts for photons scattered in air and in the
entrance window.

c) k. (electron loss). This factor corrects for energy lost through interactions with
the outer electrodes or collecting rod.

d) ki, (diaphragm transmission and scatter). This factor is given by the ratio of the
total energy deposited in the collecting volume to the total energy deposited in the
collecting volume excluding energy from particles that have visited a diaphragm
region.

e) k, (window attenuation and scatter). The &, and k. factors correct for attenuation
and scatter in both air and the entrance window. To better understand the impact
of the entrance window, particularly because we are uncertain of its material and
thickness, we repeated the simulation, but with an air gap instead of the window.
The correction for attenuation and scatter in the window was then determined by
taking the ratio of k, and k,. for the simulations with and without the window.
This correction k&, was not included in the final air kerma rate calculations

because it is included in the Monte Carlo-determined values for &, and k..

In addition to calculating correction factors for the specific geometry of our
experimental measurements, simulations were used to investigate the dependence of
these corrections on beam parameters and FAC design. This was done to better
understand the influence of individual beam parameters on specific correction factors,
and to probe the appropriateness of the Victoreen 480 for air kerma rate measurements on
the 05B1-1 beamline. The ranges of values investigated were chosen to explore realistic
variations in beam and FAC characteristics (to inform uncertainties), as well as extreme
situations to better understand the limits of the beam and/or chamber parameters for
which air kerma rates could be determined. The significance of the ranges of the beam
and FAC characteristics, and the resulting change in the correction factors, will be
examined in the discussion. The relationship between the correction factors and beam
energy was investigated by performing the simulations with monoenergetic beams with
energies of 10 keV, and 25 — 200 keV in intervals of 25 keV. For a 50 keV

monoenergetic beam, the effect of beam divergence (0 — 10 mrad) and beam alignment (0
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— 1°) were considered. The dependencies on the FAC dimensions were examined for a
monoenergetic beam of 50 keV. Also studied were the impact of altering the radius of
the outer cylindrical electrodes (1 — 15 cm), the distance between the collecting rod and
the chamber’s central axis (2 — 8 cm), the entrance and exit window thickness (0 — 2.5

mm), and the aperture radius (0.0258 — 1.5 cm).

4.3.5.3 Theoretical calculations (kq, k)

The correction for photon attenuation in air over the FAC’s attenuation length (L, = 40.12
cm) was also determined from theory for each beam quality investigated. This was done
using the theoretical energy spectrum and the tabulated monoenergetic attenuation

coefficients from NIST."* With this method the attenuation correction is given by

dK G (0) /d (L) (4.4)
a” dt dt
heor

where dK ;. (0)/dt is the theoretical air kerma rate at the reference point (at the

downstream face of the diaphragm), and dK”“"" (L J/dt the air kerma rate at the centre of
the collecting volume.! The air kerma rate at the point L, is
KL (L) EE B(EL)E (/‘T(E)) aE (45)

where E is the photon energy (keV), @ (E,L,) is the differential flux rate (photons s m™
keV™") at the center of the collecting volume, (u,, (E)/p)m_r is the mass energy absorption
coefficient for dry air in cm® g, and p,; is the density of air under experimental
conditions (g cm™). ®(E,0) (photons s' m™ keV™')is the differential flux rate obtained
from the SPECTRA software, and the differential flux rate at the center of the chamber is

given by

B w(E)
PEL)=PE Ve (-(==) 7L ) (4.6)
The calculations were performed in MATLAB (Mathworks, Natick, MA, USA). The
code interpolated the attenuation coefficients for the energy grid of the theoretical energy
spectrum to calculate air kerma and the differential flux rate change over the attenuation

length. This method is theoretically straightforward, but its accuracy may be limited by
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the knowledge of the energy spectrum and the uncertainty of the attenuation coefficients,
particularly at the low energies involved. The correction for attenuation in the window
material was determined in the same way, but with the attenuation coefficients for

beryllium.

4.3.5.4 Measurements (k,)

A measurement-based method was also used to estimate the photon attenuation
correction. The method relies on the unique construction of the variable-length FAC.
Two readings are taken, one with the upstream electrode fully expanded and the

downstream electrode fully collapsed (M,

), and the second with the upstream electrode
fully collapsed and the downstream electrode fully expanded (My,,,). This effectively
takes one reading 4L = 15 cm upstream from the second reading. This provides an

experimental value for the mean linear attenuation coefficient in air,

-0 _ In (Mup/Mdown)

Hair AL (47)
for the given radiation quality, Q. The attenuation correction factor is then
ko= exp(E°,L,). (4.8)

4.3.5.5 Interpolation of tabulated values (ky, kqc, ke, k)

Correction factors were also determined by the interpolation, based on the beam quality
as specified by the HVL, of experimental values provided in the FAC’s manual (Table
4.2). The values of k, given in the Victoreen manual are for P = 760 mmHg and T = 0
°C. The interpolation of the tabulated values was based on the tabulated and measured
HVLs. Similarly, the experimental values from the National Bureau of Standards (NBS)
Handbook 64," as fit by Lee ez al. (2005),'® were tallied.
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Table 4.2 The combined electron loss and photon scatter (k.k;.), air attenuation
(k,) and window attenuation (k,) correction factors as a function of HVL
provided in the Victoreen 480 manual.

Correction for

Peak applied Total Half-value electron loss Correctpn fF>r Correctlf)n fF>r
voltage, kVp Filtration laver and photon attenuation in  attenuation in
(kV) y P air, k, window, k,
scatter, k 'k,
0.09 mm Cu
0 3 Al 0. 1.01 1.00
6 mm 5 6 mm Al 995 8 9
0.11 mm Cu
3 Al 0. 1.01 1.00
75 mm 32 mm Al 995 6 8
0.2 mm Cu
100 4 mm Al 59 mm Al 0.995 1.012 1.006
150 dmmAL+ ) 66 mm C 0.996 1.009 1.005
023mmCu 0 mmR ' ' '
200 dmmAL+ 6 mm Cu 0.998 1.008 1.004
0.5m Cu
4 Al
250 mmA 5 17 mm Cu 0.999 1.006 1.003
1 mm Cu

4.3.5.6 General ion chamber correction factors (kion, kpoi, krrr)

The high intensity synchrotron x-ray beams have the potential to create a problematic
amount of ion recombination during air kerma rate measurements. We have used two
methods of investigating the required recombination correction. The first is the two-
voltage method for a continuous beam as described in TG51:"

(Vuy
kmi (4.9)

G-

L L

where V. are the higher (H) and lower (L) voltages applied across the chamber, and
My, are the readings taken at the higher and lower voltages.

It has been reported that the two-voltage method is not valid for large deviations
from 1.0 (e.g. 1.05 ' or 1.01 *'®). Because of this, we also chose to investigate the
recombination correction experimentally by extrapolation based on the expression
relating collected current, [y, saturation current, /s, and applied voltage, V, given by

Boutillon:'®
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I i i
I—V=1+C1X;Y+C2X? XIS' (410)

For all beam qualities, the inverse of the collected current current, //Iy, was plotted as a
function of the inverse of the applied voltage, //V. A quadratic fit was applied to
extrapolate to ///=0 to obtain the saturation current, /. The recombination correction for

each beam quality is then given by
kian =IV/IS' (411)

The polarity correction was determined by taking measurements for a single
electrode setting with a polarization of +5000 V and — 5000 V. The correction factor was

determined according to:'’

M. -M,
— raw raw 4' 12
kpol Zme ( )

where M, is the reading with the positive applied voltage, M,,,, is the reading with the
negative applied voltage, and M,,, is the reading at the polarity used for all
measurements (negative).

Corrections for ambient conditions are required to adjust for the density of air.
The temperature and pressure corrections are those in AAPM’s TG51:"

273.2+T P,

k=30, P “.13)

where 7 and P are the temperature (in degrees Celsius) and the pressure near the
chamber, and 7 and P, are the temperature and pressure at reference conditions. A
humidity correction is required to account for its affect on both (W/e),, and stopping
powers. The value used for the humidity correction was 0.998 for all measurements.
This value is chosen because the value at 50% humidity is 0.998, and only varies
approximately 2 parts in 10° over the range from 20 — 80%.*" The experimental
conditions in the experimental hutch were monitored by built-in beamline monitoring

systems, and an independent thermometer, barometer and hygrometer.
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4.4 Results

4.4.1 Preliminary testing and benchmarking against primary standards at the National
Research Council of Canada

Following restoration, the Victoreen 480 FAC underwent basic testing at the NRC using
60 and 135 kVp x-ray tubes and a 7.03 mm diameter aperture. A measurement of charge
per unit length for multiple electrode separations over the range of possible values
revealed a standard deviation of 0.16 %, which was deemed acceptable. Polarity and ion
recombination corrections were evaluated and found to be consistent with literature
values.”’ The results indicated that the chamber was operating correctly, which led to a
more detailed comparison between the Attix-type FAC versus two primary standards
parallel plate free air chambers. The results are summarized in Table 4.3 for the low
energy exposure standard (LEES) and medium energy exposure standard (MEES). At 60
kVp, the agreement between all three chambers is within 0.25 %, which is within the
overall uncertainty of the correction factors for the Attix-type chamber. At 135 kVp, the
Victoreen 480 and MEES agreed within 0.45 %. The standard uncertainty of each point
is estimated to be less than 0.1 %. One disadvantage of the Attix-type chamber is that the
required ion recombination correction was much larger than that for the parallel plate

design, but it can still be determined with sufficient accuracy at appropriate dose rates.

Table 4.3 Comparison of Victoreen 480 versus the primary standard parallel

plate FACs at the NRC.
Air kerma rate normalized
Chamber to Victoreen (%)
60 kVp 135kVp
Victoreen 480 =1.0000 =1.0000
LEES 1.0001 ---
MEES 1.0025 1.0045

4.4.2  Area of aperture

The diaphragm used for measurements in the small synchrotron beam fabricated at the

NRC is shown in Fig. 4.8(a). A microscopy image of the diaphragm opening is shown in
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Fig. 4.8(b). Based on this and similar microscopy images, the aperture radius was found
to be 255.7 = 1.1 and 260.7 £ 1.2 pm on the two sides of the diaphragm. The uncertainty
describes the standard deviation of multiple contours of the aperture on the images. For
the purposes of the calculation of air kerma, the aperture radius was taken to be the

average of these two values, 258.2 + 2.5 pm.

(@)

Figure 4.8 The diaphragm and aperture designed for the 05B1-1 beamline
measurements. (b) The microscopy images of the aperture.

4.4.3 Dependence of Monte Carlo-determined correction factors on FAC geometry and
beam characteristics

4.43.1 X-ray energy

The influence of x-ray energy on the Monte Carlo-determined correction factors (photon
scatter, electron loss, photon attenuation and diaphragm) is shown in Fig. 4.9. The
magnitude of k. decreases with increasing energy from 0.9818 £ 0.0090 % at 10 keV to
0.9956 + 0.0274 % at 200 keV. The correction for electron loss, 4, is unity up to an x-
ray energy of 75 keV, reaches a maximum of 1.0059 + 0.0506 % at 150 keV, then
decreases to 1.0041 + 0.0457% at 200 keV. The attenuation correction, k,, decreases
monotonically with increasing energy from 1.3296 + 0.0006 % 10 keV (not plotted due to
the extreme value) to 1.0113 = 0.0001 % at 200 keV. The correction for the diaphragm is
minimal for all x-ray energies. The magnitude of the correction increases slowly with
increasing energy from 1.000 at 10 keV to 0.9994 =+ 0.0117 % at 200 keV. For the
Victoreen 480, the total correction factor (the product of k., k., k., and ku,) is most
strongly influenced by attenuation and photon scatter for the lowest photon energies

investigated, and by attenuation and electron loss at the highest photon energies.
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Figure 4.9 The correction factors for photon scatter, electron loss, attenuation,
diaphragm, and their product (k) as a function of monoenergetic photon energy.
The values for k, and k,,, are not shown for 10 keV. The dotted lines are included
to guide the eye.

4.4.3.2 Beam divergence

The magnitude of k4, increases with increasing beam divergence, to a maximum of
0.9905 + 0.0007 at 10 mrad (Fig. 4.10). This is simply due to increasing interactions
with the diaphragm. There is also a change in k, with increasing angular spread.
Between 0 to 5 mrad k. is 0.9921 £+ 0.0007. At the maximum divergence investigated,

10 mrad, the correction for photon scatter increases in magnitude to 0.9751 + 0.0011.

4.4.3.3 Beam alignment

The angle of the incoming x-ray beam was altered with respect to the long axis of the
chamber to consider the effect of misalignment between the beam and FAC. The
influence of the correction for the aperture gradually increases as kg, decreases from
1.0000 to 0.9814 + 0.0011 at a misalignment of 1° (Fig. 4.11). The values of k. are
within statistical uncertainty of each other for alignments between 0 and 0.5°, but k.

decreases significantly to 0.9239 + 0.0021 at 1°.
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Figure 4.10 The diaphragm (k4,) and photon scatter (k) correction factors as a
function of x-ray beam angular spread.
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Figure 4.11 The correction for aperture and photons scatter with misalignment
between the beam and FAC.

4.4.3.4 Beryllium window thickness

The influence of the window (assumed to be beryllium) on k. and &, are shown in Fig.
4.12. As expected, both correction factors increase linearly in magnitude with increasing

window thickness. The correction due to attenuation in the window is greater in
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magnitude than the extra ionization due to photons scattered in the window. Because the
attenuation and scatter corrections have opposing trends (i.e., one increasing and the
other decreasing the charge produced in the collecting volume) the combined correction,

ksc ka4, correction is lower in magnitude than either &, or k. alone.
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Figure 4.12 The correction factors for photon scatter, attenuation, and the

product of the two corrections are plotted as a function of Be window thickness
from 0 to 2.5 mm.

4.4.3.5 Quter electrode radius

The relationships between the radius of the outer electrodes and the k. and k. corrections
are plotted for a 50 and 100 keV monoenergetic beams in Fig. 4.13. The electron loss
correction, k., decreases as the outer electrodes increase in diameter. Conversely, the
magnitude of the scatter correction increases (i.e., ky. becomes smaller and further from
unity) with increasing electrode radius as shown. The correction for photon scatter is
slightly greater in magnitude for 50 keV versus 100 keV, as expected from Fig. 4.9. For
the smallest electrode radius considered, 2.5 cm, k. is greater for 50 keV (1.2429 =+
0.0027) than 100 keV (1.0994 + 0.0003). For all greater radii, k&, is greater for 100 keV.
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Figure 4.13 The electron loss and photon scatter correction factors as a function
of outer electrode radius for 50 (closed circles) and 100 keV (open circles)
monoenergetic x-rays.

4.4.3.6 Collecting rod position

The correction for electron loss not only depends on the radius of the outer electrodes, but
also on the size and position of the chamber’s collecting rod. If the distance between the
collecting rod and the central axis of the chamber decreases, the probability of electrons
striking the rod before expending all their energy will increase, as shown in Table 4.4.
These results show that for a 50 keV beam, the correction for electron loss decreases to

unity when the collecting rod is positioned more than 4 cm away from the central axis.

Table 4.4 The change in the electron loss correction factor (k.) with changing
collecting rod position with respect to the FAC central axis.

Colljcc.tmg Rod Electron Loss, £,
Position (cm)
2 1.0263 + 0.0897 %
3 1.0039 =+ 0.0298 %
4 1.0001 + 0.0039 %
6 1.0000 + 0.0000 %
8 1.0000 + 0.0000 %
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4.4.3.7 Aperture radius

The aperture used in this study is much smaller than typically used for FAC
measurements. The effect on kg, was investigated for three aperture sizes, each for a
parallel beam, a minimally divergent beam (0.05 mrad) and a more divergent beam (10
mrad). The aperture size had no influence on kg, for the 0 or 0.05 mrad beams. For the
beam with 10 mrad of angular spread, kg, increased in magnitude with decreasing

aperture radius as shown in Table 4.5.

Table 4.5 The influence of aperture radius on the diaphragm correction factor for
an incident x-ray beam with 10 mrad angular spread.

) Diaphragm
Aperture radius (mm) . piTag
correction factor, kg,

0.258 0.9901 +0.1492 %
2.58 0.9989 +0.0039 %
15.0 1.0000 + 0.0004 %

4.4.4 Determination of correction factors relevant to our experiments

The Monte Carlo-calculated correction factors are plotted in Fig. 4.14 as a
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Figure 4.14 The Monte Carlo-calculated correction factors for our experimental
beams.
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function of mean x-ray beam energy for each beam quality investigated during the
experimental beamtime. The dashed lines are included to guide the eye. Each correction

factor will be individually discussed below.

4.4.4.]1 Photon attenuation in air correction, k"

The correction factors for photon attenuation in air determined using four methods are

presented in Table 4.6. The values for k, given in Fig. 4.14 show the same trend as k%",
but the plotted values also include the attenuation in the entrance window. The tabulated
egs fac corrections were determined from a simulation without the entrance or exit
windows to isolate the attenuation in air alone. All egs fac-determined correction factors
have statistical uncertainty of less than 0.01%, and the latter are thus not reported in
Table 4.6. The experimental uncertainties are determined from the standard deviation of
multiple measurements and error propagation. The theoretical and experimental

correction factors are determined for the ambient conditions at the time of measurement.

Table 4.6 The theoretical, experimental, tabulated and Monte Carlo-calculated
correction factors for the attenuation correction in air (k") for the synchrotron x-
ray beam air kerma measurements. The uncertainty in the egs fac correction

factors is less than 0.01% for all values.

. ) . Victoreen manual egs_fac
Beam Quality Theoretical =~ Experimental
(corrected for p,;) (corrected for p,;)

200 keV 1.035 1.045 £ 0.007 10371
333 keV 1014 1.025+0.019 1016 1.0146
0.552 mmCu 1011 1018 £0.013 1.010 10122
0.552 mmCu + 1.010 1.004 = 0.008 1.009 1.0105
13 mmAl
1.103 mm Cu 1.009 1.003 +0.009 1.009 1.0099
2210 mm Cu 1.008 1023 £0.016 1.009 1.0087
6.103 mm Cu 1.007 0.999 + 0.050 1.007 1.0077

The values provided by the Victoreen 480 manual and the Monte Carlo-calculated
values were corrected to account for the difference in air density at which the values were

calculated and the ambient conditions during the air kerma rate measurements on the
beamline. This was done by extracting the average attenuation coefficient (__) from ke

(Eq. 4.8) for each beam quality, then adjusting by multiplying by the ratio of the air
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density at the experimental and calculation conditions. The theoretical, Victoreen 480
manual and Monte Carlo values agree within 0.2% for all beam qualities. The
experimental values show the expected trend, except the value at 65.9 keV, but the
experimental uncertainty is greater than or similar to the correction for all but the largest
value at 20 keV. These results show that the attenuation correction is important at these

energies, and ranges from 0.77 to 3.71 %.

4.4.4.2 Photon scatter correction, k.

The correction factors to account for the excess ionization produced in air by secondary
photons are shown in Fig. 4.14 and Table 4.7. The Monte Carlo-generated correction
factors do not agree within statistical uncertainty with the interpolated values for the
Victoreen 480 manual, or with the expression given by Lee ef al.'® The values given by
the Victoreen 480 are the product of the photon scatter and electron loss correction
factors, but at these low energies, the values are heavily dominated by photon scatter
(Fig. 4.9). If the values of k., from Lee et al. (Table 4.8) are used to separate the k. k.
correction, only the highest energy beam (6.103 mm Cu filtration) &, would be affected,
and it would decrease to 0.9964.

Table 4.7 The correction factors for photon scatter (k). The product (k. k) is
expected to be equivalent to k. for all values except the highest energy (6.103
mm Cu-filtered beam).

Expression from

Beam Quality Victoreen 480 Lee et al.'® egs fac (k)
Manual (k. k.) (kse)
200 keV 0.9853 = 0.0002
333 keV 0.9946 0.991 0.9865 = 0.0004
0.552 mmCu 0.9952 0.993 0.9872 + 0.0005
0.552 mmCu 0.9954 0.994 0.9891 % 0.0006
+ 13 mmAl

1.103 mm Cu 0.9955 0.994 0.9888 + 0.0006
2210 mm Cu 0.9959 0.995 0.9902 + 0.0006
6.103 mm Cu 0.9973 0.995 0.9917 = 0.0005

The magnitude of the photon scatter correction is between 0.56 and 0.81 %, and

0.33 and 0.58 % greater than the Victoreen 480 manual and values calculated from the
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expression given in Lee ef al., respectively. The additional photon scatter due to the
presence of the entrance window is not directly discussed in either the Victoreen 480
manual or the Lee er al. description of the correction factors. If we consider the
possibility that neither of these sources consider the scatter from the window in these
values, and compare them with k. determined using egs fac without modeling the Be
window, the egs fac values are within 0.30 and 0.50 %, and 0.13 and 0.23 % of the
Victoreen 480 manual and Lee et al. values, respectively.

To investigate changes in k, with electrode configuration (the extent of
expansion), the correction factor was determined for electrode positions of 2, 4, 6, and 8
cm greater than the fully-collapsed configuration. These positions were chosen to match
those used experimentally. The results indicate that k. tends to be greatest in magnitude
with the electrode positioned at 2 cm, but in general the values for all four positions are

very similar (almost all values agree within statistical uncertainty).

4.4.4.3 Electron loss correction, k.

The correction factors required to account for electron loss in the FAC are shown in Fig.
4.14 and Table 4.8. For all energies examined, k. is less than or equal to 0.21 %, and is

negligible for the accuracy achieved in this study. As done for k., the influence of the

Table 4.8 The correction factors for electron loss (k) for the experimental beam
qualities.

Expression from

Beam Quality Lee et al.'® egs_fac (k)
(ke)
20.0 keV 1.0000 1.0000 £ 0.0001
33.3 keV 1.0000 1.0011 % 0.0005
0.552 mmCu 1.0000 1.0020 + 0.0006
0.552 mmCu 1.0000 1.0021 + 0.0008
+ 13 mmAl
1.103 mm Cu 1.0000 1.0007 + 0.0007
2210 mm Cu 1.0000 1.0006 + 0.0008
6.103 mm Cu 1.0009 1.0021 % 0.0009
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outer electrode position with respect to the fully collapsed configuration on k, was
investigated. For all situations, k. agrees within uncertainty for the four electrode

positions examined.

4.4.4.4 Window correction, k,,

As mentioned earlier, the correction for attenuation and scatter produced by the entrance
and exit windows is included in &, and k., respectively, by egs fac. The Monte Carlo-
simulated window correction factor was determined by taking the ratio of the correction
factors calculated for simulation geometries with and without the Be window. Two
separate corrections were calculated. First, the correction due only to attenuation in the
window, k,, was determined to compare to theoretically calculated and tabulated factors.
The correction including both attenuation and scatter produced in the window, £, was
also calculated. The uncertainty in the egs fac correction due to window attenuation
alone (k;,) is less than 0.01% for all beam qualities, and thus not included in Table 4.9.
The agreement between the theoretical values, interpolated values and egs fac values of

k;, is within 0.001.

Table 4.9 The correction factors for attenuation in the entrance window, &, and
the correction for attenuation and scatter, £,.

Theoretical Victoreen egs fac egs fac
Beam Quality p > 480 manual & = £5_
(kw) (ka) (kw) (kW)
wW.
20.0 keV 1.009 - 1.0097 1.0054 + 0.0003
333 keV 1.007 1.008 1.0073 1.0027 + 0.0005
0.552 mmCu 1.006 1.006 1.0067 1.0019 £+ 0.0006
552

0.552 mmCu 1.006 1.006 1.0064 1.0031 + 0.0007
+ 13 mmAl

1.103 mm Cu 1.006 1.006 1.0063 1.0025 + 0.0007
2210 mm Cu 1.006 1.005 1.0060 1.0025 + 0.0007
6.103 mm Cu 1.005 - 1.0057 1.0025 + 0.0007

4.4.4.5 Diaphragm transmission and scatter correction, kyiq

The correction for photons transmitted through or scattered from the diaphragm is

minimal. The correction is 1.0000 for all beam filtrations except the highest energy beam
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for which the correction is 1.0001. Like k., the Monte Carlo results suggest that the k4,
correction is negligible for a properly aligned FAC.

4.4.4.6 lonic recombination correction, kio,

The recombination correction factors, as determined via two methods, are shown in Table
4.10. The errors associated with the two-voltage method are determined from the
standard deviation of multiple measurements and error propagation. For the fitting
method, the error was given from the MATLAB curve fitting toolbox. It is expected that
kion should decrease with decreasing beam intensity. The results show that the least
filtered polyenergetic beam (0.552 mm Cu) has the highest recombination rate at 1.041 £
0.015 (two-voltage method). For all higher filtrations, the recombination correction is
lower, but the associated uncertainties are too large to see a clear trend. The fitting
method of determining k;,, is illustrated in Fig. 4.15, where FAC current is plotted versus
the inverse of the applied voltage. As expected, with increasing collected current there is
an increasing dependence on the applied voltage. While the results of the fitting method
shown in Table 4.10 follow the expected trend between air kerma rate and recombination
correction, the uncertainties in the fits limit the usefulness of the data. Additionally the
fitting method provides k;,, values that are less than unity, which is not physical and

suggests that the fitting method was not successful.

Table 4.10 The correction factors for ion recombination, k;,,.

Collected FAC
. . Two-voltage -
Beam quality current / storage ring method Fitting method
current (pA/mA)
20.0 keV 1.40 1.001 + 0.001 0.998 + 0.008
33.3 keV 0.21 0.999 + 0.001 1.006 + 0.037
0.552 mmCu 49.6 1.041 £ 0.015 1.083 + 0.069
+
0552 mmCu 13.3 1.002£0.018 1.012 + 0.069
13 mmAl
1.103 mm Cu 10.5 1.010 £ 0.004 0.989 +0.071
2.210 mm Cu 2.04 1.004 + 0.004 0.994 +£0.017
6.103 mm Cu 0.05 1.017+0.013 0.990 + 0.093
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Figure 4.15 The collected current versus the inverse of the applied voltage for
all beam qualities. As the inverse applied voltage decreases, the curves are
expected to approach the saturation current (Eq. 4.10).

4.4.5 Air kerma rates

The air kerma rates were determined from Eq. 4.3, and the correction factors outlined in
Section 4.3.5. The values of k,, ks, k., and ku, determined using egs fac, and the two-
voltage method-determined k;,, values were applied. The experimental values of K, are
shown in Table 4.11. The highest air kerma rate measured was 312 Gy/min, and the
lowest was 0.27 Gy/min at the highest energy. The experimental air kerma rates are
compared to the relative theoretical air kerma rates for the polyenergetic, filtered beams
as calculated with SPECTRA. After normalization to the 0.552 mm Cu-filtered beam,
the difference between measured and predicted values range between 0.5 and 6.5 % for
the other polyenergetic beams. The theoretical air kerma rate was not determined for the
monoenergetic beams. To predict the monoenergetic beam intensity would require a

thorough understanding of the transportation of the x-rays through the monochromator.
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Table 4.11 The measured air kerma rates after correction and the relative
theoretical values.

Experimental air ) . Difference in theoretical
. Relative theoretical . .
Beam Quality kerma rate air kerma rate and experimental relative
(Gy/min) air kerma rates (%)
20.0 keV 6.54 - -
33.3 keV 0.915 - -
0.552 mmCu 312 1.0000 =0.0
0.552 mmCu + 0.5
13 mmAl 62.4 0.2011
1.103 mm Cu 63.8 0.1967 4.0
2.210 mm Cu 9.12 0.0298 1.9
6.103 mm Cu 0.270 0.0009 6.5

4.4.6  Uncertainty analysis

The uncertainty analysis for the air kerma rate measurements is shown in Table 4.12 for
each beam quality examined. The Type A uncertainty estimates were determined based
on standard deviations of experimental values or statistical uncertainties of the Monte
Carlo-derived values. Type B uncertainty estimates are based on the potential variability
in the measurements, (e.g., manufacturer ratings, tabulated data). The values include
neither the uncertainties associated with the lack of knowledge around the composition
and thickness of the entrance and exit windows, nor those related to uncertainties in beam
and FAC alignment. The majority of the air kerma rate measurements have uncertainties
between ~ 2 and 3.5 %, but the highest energy/lowest air kerma rate beam has an

uncertainty of 13.6 %.
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Table 4.12 The uncertainty analysis for air kerma rate determination with the Victoreen 480 on the 05B1-1 beamline.

Relative standard uncertainty (%)

20.0 keV 333 keV 0.552 mm Cu 0.552 mm Cu+
13 mm Al
Type A TypeB Type A  Type B Type A TypeB Type A TypeB
Chamber current 1.03 0.02 2.66 0.02 0.68 0.02 2.13 0.02
Aperture area, 4, 1.94 1.94 1.94 1.94
Collecting volume length, L 0.75 0.75 0.75 0.75
Air density, pir 0.40 0.40 0.40 0.40
(W/e)air 0.15 0.15 0.15 0.15
Correction factors
kq 0.00 0.00 0.00 0.00
ke 0.02 0.04 0.05 0.06
ke 0.01 0.05 0.06 0.08
kap 0.00 0.00 0.00 0.00
kion 0.10 0.01 1.44 1.80
kepor 0.43 0.43 0.43 0.43
Quadratic sum 2.24 0.86 3.30 0.86 2.51 0.86 3.40 0.86
Combined uncertainty 2.40 3.41 2.65 3.50
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Table 4.12 continued

Relative standard uncertainty (%)

1.103 mm Cu 2.210 mm Cu 6.103 mm Cu
Type A Type B Type A Type B Type A Type B

Chamber current 0.354 0.02 1.19 0.02 13.32 0.02
Aperture area, 4, 1.94 1.94 1.94
Collecting volume length, L 0.75 0.75 0.75
Air density, pr 0.40 0.40 0.40
(W/e) yir 0.15 0.15 0.15
Correction factors

kq 0.00 0.00 0.00

kese 0.06 0.06 0.05

ke 0.07 0.08 0.09

kap 0.00 0.00 0.00

Kion 0.40 0.40 1.30

kepor 0.43 0.43 0.43
Quadratic sum 2.01 0.86 2.32 0.86 13.52 0.86
Combined uncertainty 2.19 2.47 13.55
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4.5 Discussion and conclusions

In this chapter the first absolute dosimetry performed at the Canadian Light Source BMIT
beamlines has been reported. The air kerma rate values were determined using the less
common Attix-type FAC. The measurements were supplemented using the EGSnrc code
egs_fac for the calculation of correction factors.

Testing of the Attix-type FAC at the NRC determined that the chamber is in good
working order. Benchmarking against the NRC primary standards in kV x-ray tube
beams indicated the absolute accuracy of the Victoreen FAC in the 60 — 150 kVp range is
on the order of 0.3 %. Compared to the more common parallel plate FAC design, the less
fragile cylindrical FAC construction allowed the Victoreen to be shipped from the NRC
to the CLS without much risk of mechanical damage that could compromise its accuracy.
This is primarily because the tight restrictions on the electric field required for the
parallel plate FAC are not necessary for a cylindrical-type chamber, as was discussed in
section 4.2.1.

To adapt the Attix-type FAC to the small, non-uniform BMIT 05B1-1 beamline, a
new diaphragm was fabricated to minimize the aperture opening. The small aperture size
is important to reduce the variation in beam intensity over the aperture opening.
Unfortunately, the tiny aperture also increases the uncertainty in determining the aperture
area. The sub-millimetre aperture requires precision measurements of the radius to
minimize the uncertainty in the area. The difference of <5 um in the radii between the
two diaphragm faces translates to a 1.9 % discrepancy in area, which limits the accuracy
at which K, can be determined. Further investigations into the aperture area are
important for improving the accuracy of the 05B1-1 beamline air kerma rates in Table
4.11.

The relationships between the correction factors and photon energy are shown in
Fig. 4.9. As expected, the attenuation in air and the entrance window, k,, requires a
greater correction at lower x-ray energies. Similarly, the correction for photon scatter,
ks, in the air and entrance window increases with decreasing photon energy, but is
smaller in magnitude than k,. The electron loss correction factor first increases with

increasing energy, which is due to the increasing range of released photoelectrons.
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Between 150 and 175 keV, the electron loss starts to decrease due to the increasing cross
section for Compton scattering and decreasing photoelectric effect cross section, because
the Compton electrons have a shorter range than the photoelectrons. Although not shown
in Fig. 4.9, if the x-ray energy continues increasing, k. will reach a local minimum, then
again increase when the Compton electrons’ range allows them to reach the outer
electrodes. The Monte Carlo simulations show that the correction for k4, is negligible for
a parallel, properly aligned x-ray beam.

Characterizing the influence of beam and FAC properties on the correction factors
is important not only for understanding the magnitude of the corrections for accurate air
kerma rate measurements, but also for determining the desired properties of FACs for
various beam qualities, and for identifying which beam properties most strongly impact
correction factors. Figures 4.10 and 4.11 demonstrate the influence of beam divergence
and beam alignment on ky;, and k. For a beam divergence of up to 5 mrad, which is 10
times higher than the predicted beam divergence for the small opening of the aperture,
the change in correction factors is < 0.05%. The change in correction factors is less than
1 % for a misalignment between the photon beam and FAC of up to 0.5°. Based on the
beam spot position on the FAC’s crosshairs, the maximum misalignment expected is 4
mm or 0.3°, and thus the uncertainty due to improper alignment is expected to be within
~0.5 %.

Figure 4.12 informs the potential uncertainties due to the lack of knowledge of the
window thickness. In the simulations, the window was chosen to be 0.22 mm to best
match the window attenuation correction as tabulated in the Victoreen 480 manual. If we
assume that the thickness of the window is between 0.1 and 0.5 mm, the variation in £,
and ks, would be 1.2 % and 0.8 %, respectively. Because the correction factors have
opposing trends, the combined variation for a window thickness between 0.1 and 0.5 mm
is only 0.3 %. Therefore the lack of knowledge of the window thickness does not have a
large impact on our final air kerma measurements when considering the magnitude of
other sources of uncertainty. If the window is composed of a material other than
beryllium, the change in correction factors could potentially be much greater.

Figures 4.9 and 4.13, and Table 4.3 show that the Attix-type FAC with 30 cm

diameter outer electrodes, and its collecting rod positioned 8 cm below the central axis, is
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more than sufficient to avoid electron loss for the x-ray energies of interest in this study.
In fact, Fig. 4.13 shows that for a 50 keV beam, k. is above unity only for an outer
electrode radius of 2.5 cm for the 50 keV beam. While the large diameter cylindrical
electrodes are beneficial for minimizing k., the correction for photon scatter and ion
recombination increase with increasing outer electrode radius. For the 50 keV beam, the
outer electrode radius could be reduced to 5 cm to optimize k., ki and ki,,. Figure 4.13
also highlights the importance of understanding the energy dependence of k.. It may be
intuitive to expect a greater value of &, with higher photon energies, but %, is greater for
the 50 keV incident beam than the 100 keV beam for an outer electrode diameter of 2.5
cm. This is due to the lower cross-section for the photoelectric effect at 100 keV (by an
order of magnitude) compared to the 50 keV beam. The mean energy transferred from an
incident 100 keV x-ray to a Compton-scattered electron is only 13.8 keV.'* The range of
a 50 keV electron (ignoring the effect of the binding energy, which has a maximum of 3.2
keV for the elements of air) is an order of magnitude larger than a 13.8 keV electron in
air; this explains the difference in k. for the two energies and a 2.5 cm outer electrode
radius.'

The user code, egs fac, does not incorporate photon polarization. In Section
1.3.1, the additional dependence on the azimuthal angle of interaction cross-sections is
described. For a linear polarization, with the electric field lying in the horizontal axis,
there is preferential scattering of photoelectrons in the horizontal plane and of Compton
electrons in the vertical plane. Due to the cylindrical geometry of the Victoreen 480
outer electrodes, this additional polarization-dependent azimuthal angle has a minimal
effect on electron loss compared to the effect for a parallel plate chamber. The position
of the collecting rod along the vertical axis would cause a reduction in the fraction of %,
attributed to photoelectrons and an enhancement in the fraction of k. due to Compton
scattered electrons compared to the value calculated by egs fac. This suggests that at
low energies, where photoelectric effect is more probable than Compton scattering,
egs_fac overestimates k. for the polarized beam. However, this effect would likely be
negligible for the accuracy of our measurements. As the energy increases to the point
that Compton scattered electrons contribute more to k., the egs fac results may

underestimate the electron loss for the polarized beam, as the Compton scattered
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electrons are preferentially scattered toward the collecting rod. Nariyama et al. showed
that for their small parallel plate FAC (plate separation = 8.5 c¢m), their Monte Carlo-
generated k, decreased by up to 2% for incident x-ray beam energies between 60 and 450
keV when linear polarization was included in the simulations versus no polarization.”

The experiment-specific correction factors in Fig. 4.14 demonstrate the expected
trends with changing photon energy as established for the monoenergetic beams in Fig.
4.9. We can see that the largest total Monte Carlo-determined correction factor is for the
20 keV beam, and is dominated by the attenuation correction. A FAC with a reduced
attenuation length and no entrance window would significantly reduce the required
correction. Figure 4.14 also shows that the second most important correction factor is
photon scatter. A reduced outer electrode radius would decrease this correction. The
preliminary characterization, including correction factors, for the National Institute of
Standards (Egypt) Victoreen 480 are provided in a Bureau International des Poids et
Mesures (BIPM) report for x-ray energies between 100 and 180 kV.*' The reported
correction factors are similar in magnitude to those calculated in this study, and any
differences (which were greatest for the k) may be explained by differences in the
synchrotron radiation and x-ray tube photon energy spectra.

The values for k., in Table 4.10 show the corrections for recombination. These
values highlight the limitations of the Victoreen 480 for air kerma rate measurements on
the 05B1-1 beamline. Even with 0.552 mm of Cu filtration, at an air kerma rate of 5.2
Gy/s, the correction is significant. It is clear that the Victoreen 480 would be severely
limited by ion recombination if used to measure air kerma rates with less filtration on the
05B1-1 beamline. Alternative FAC designs can be created to reduce k;,,. A reduction in
the collecting volume’s lateral dimensions and an increase in the applied voltage, both
reduce the amount of ion recombination.

The measured air kerma rates range over four orders of magnitude for the poly-
and monoenergetic beams. The air kerma rates were measured with uncertainties
between 2.2 and 13.6 %. Although this is above the typical uncertainty for a clinical
beam, these measurements mark an important accomplishment as the first measurement
of absolute air kerma rates on the 05B1-1 beamline. These values, with their

uncertainties, will provide an important reference for not only microbeam radiation
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therapy experimentation, but all other imaging and therapy research programs on this
beamline.

A large source of uncertainty is simply due to the extremely small cross-sectional
beam area, and the large collecting volume. This results in a considerable amount of
noise in the measured current that is manifest as high uncertainties in the measured
correction factors (kio, and k,,;). The challenge in accurately determining the aperture
area also leads to a significant uncertainty in the final air kerma rate. It is important to
understand the dependence of the air kerma rate measurements on experimental set-up,
particularly the vertical position in the non-uniform beam and the alignment of the FAC
with respect to the highly directional beam. Additionally, for the monoenergetic beams,
the repeatability is influenced by the state of the monochromator (e.g., angle and
temperature of crystals). The set-up of the large, heavy chamber in the small synchrotron
beam 1is tedious and time-consuming, and thus performing this reproducibility
investigation with limited experimental beam time would be challenging.

In the future, the method outlined in this chapter will be used for air kerma rate
measurements on the BMIT 05ID-2 beamline. This insertion device beamline has the
potential of producing much higher air kerma rates, and higher x-ray energies. The Attix-
style FAC will not be appropriate for air kerma rates much higher than the maximum of
5.2 Gy/s measured in this study, but it can be used by adding filtration to attenuate the
monoenergetic beam, and/or focusing on the higher energy monoenergetic beams which
are naturally lower in flux. Additionally, the selection or design of a more appropriate
FAC, in terms of collecting volume dimensions and applied voltage, should be
investigated. A small, lighter FAC would not only decrease the corrections required for
photon attenuation in air, photon scatter in air, and ion recombination, it would also
significantly reduce the challenge in transporting and setting up the FAC. A new
chamber would require a similar verification by a standards institution, as was performed

for the Victoreen 480.
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S CAVITY IONIZATION CHAMBER REFERENCE
DOSIMETRY ON THE 05B1-1 BEAMLINE

5.1 Introduction

In this chapter we develop a technique for using an ion chamber, which has been
calibrated in conventional broad-beam conditions, for reference dosimetry in a small,
non-uniform synchrotron x-ray beam. In conventional radiation therapy, reference
dosimetry is most often performed with a cavity ionization chamber that has been
calibrated by a standards institution in a relatively large uniform field. A synchrotron x-
ray beam is both non-uniform (in flux and energy) and small (< 1 cm) across the beam’s
height. Because of this, an ion chamber calibrated for clinical applications requires
corrections to provide reference dosimetry in the synchrotron beam. Developing a
trusted reference dosimetry protocol using cavity ionization chambers would be an
important tool for the characterization of beam output, commissioning of any future
treatment planning system, and calibration of other relative dosimeters. In this work, we
input the synchrotron x-ray beam’s vertical profile, and the radial response of a clinical
Capintec PRO6C ion chamber in an algorithm that predicts the ion chamber response as a
function of collimated beam size. The understanding of ion chamber response in the non-
uniform beam allows the determination of the air kerma rate. Two configurations are
studied - with the ion chamber stationary and with it scanning vertically across the fixed,

horizontal x-ray beam.

5.2 Materials and methods

5.2.1 X-ray source

The measurements were performed on the 05B1-1 beamline at the Canadian Light Source
(described in Sections 2.5 and 2.6.1) over two experimental sessions. The measurements
were taken with the polyenergetic beam (two filtrations) and the monoenergetic beam
(two energies). The experimental session (first or second), mode (polyenergetic versus

monoenegetic), filtration, energy (or mean energy), and half-value layer (HVL) are
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reported in Table 5.1 for each of the experimental conditions. Details on the
measurements of the x-ray beams’ effective energy and relative flux, and HVLs are given
in Sections 3.2.6/3.3.6 and 3.2.7/3.3.7, respectively. The monoenergetic beams are
produced by a double crystal monochromator, and the predicted flux depends on the

efficiency of the monochromator, which is not specified.

Table 5.1 The characteristics of the 05B1-1 x-ray beams.

Experimental Mode Mean Energy, Filtration Half-value layer,  Predicted
Session E (keV) (mm) HVL (mm) relative flux
2 poly 56.0 1.103 (Cu) 0.34 (Cu) 0.69
1 poly 54.0 0.938 (Cu) 0.31 (Cu) 1.00
2 mono 333 1.103 (AD) 3.03 (AD) -
2 mono 20.0 1.103 (AD 0.78 (Al) -

5.2.2  Vertical beam profile for various beamline collimator settings

To characterize the beam’s non-uniformity in the vertical direction, the profile across the
beam was measured at the four beam energies investigated. Radiochromic film was used
to measure the beam profile at several beam sizes. The beam size was controlled through
adjustment of the built-in beamline jaws. In the first experimental session, the 0.938 mm
Cu-filtered beam (Section 3.2.5 and 3.3.4) was characterized using Gafchromic EBT2
film. The film was digitized with an Epson Perfection V700 (Epson, Suwa, NGN, Japan)
flat bed scanner at a resolution of 4800 dpi and a pixel depth of 16 bits per colour
channel. A calibration curve for this beam energy was generated and fit with a
polynomial. At a later experimental session, Gafchromic EBT3 was used to measure the
beam profile for all other energies. The film was digitized using an Epson Expression
10000XL flatbed scanner with the same spatial resolution and pixel depth. The
calibration curve was created with the Pantak Therapax 3 Series 75 kVp beam. The
calibration procedure is a slightly modified version of that described by Morrison et al.'
The calibration fit function has the form D=(C-10°°-4)/(B-10°") where D is the dose;
A, B and C are fit functions; and OD is the optical density of the film.
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5.2.3 Capintec PRO6C: characteristics and radial response function

As described in following sections, Capintec PRO6C (Capintec, Inc., Ramsey, New
Jersey, USA) ionization chambers were used for air kerma measurements of both relative
and absolute output. Two different chambers (S/N C11.69874 and S/N C11.69694) were
used for the two different experimental sessions. The PRO6C has a cavity volume of 0.65
cm’, an inner diameter of 6.4 mm, and a central electrode that is 1.6 mm in diameter.
The length of the collecting volume is 24.0 mm. The electrode and wall are composed of
C-552 (a conducting air-equivalent plastic). The radial wall thickness is 0.050 g/cm® or
0.28 mm. All measurements described in this chapter were made with the long axis of
the chamber lying in the horizontal plane and perpendicular to the beam direction.

Due to the non-uniformity of the beam over the (vertical) dimensions of the
chamber, it was necessary to characterize the radial response function of the Capintec
PRO6C. This was done by stepping the chamber in 100 um increments across the central
100 wm of the x-ray beam with the 0.938 mm Cu-filtered polyenergetic beam (Fig. 5.1).
The narrow, horizontal beam (> 40 mm wide for all measurements) was defined by a slit
between two polished blocks. The radial response function was also measured at a lower
resolution for a series of x-ray beams to investigate the energy response of the chamber.
Monoenergetic beams ranging in energy from 20 — 150 keV, on both the 05B1-1 and
05ID-2 beamlines, as well as the 05B1-1 beamline’s 1.103 mm Cu-filtered polyenergetic

beam were used.

Synchrotron Filters and Filtered, Broad ~ Slit 100 um  IC

Source Jaws Photon Beam

Figure 5.1 A schematic of the experimental set-up for measuring the Capintec
PRO6C radial response function.

Calibration factors were determined for the Capintec PRO6C chambers to enable
absolute quantification of synchrotron beam output. The calibration factors were

determined by cross-calibrating on a Pantak Therapax 3 Series orthovoltage unit. The
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chamber used for the first experimental session (C11.69874) was cross-calibrated with a
Capintec PRO6C used for output measurements at the orthovoltage unit. The chamber
used for the second experimental session (C11.69694) was cross-calibrated with the
primary standard cavity chamber-electrometer system (PTW N30004). The primary
standard system has a quoted uncertainty of 1 % at the 95 % confidence level (National
Research Council of Canada calibration certificate). The calibration was performed for
five orthovoltage x-ray qualities available, and the results are shown in Table 5.2. The
calibration factor for the specific ionization chamber and synchrotron x-ray beam was
determined by interpolating the calibration factors in Table 5.2 based on the experimental
synchrotron HVLs in Table 5.1. If we assume a similar uncertainty in each of the cross-
calibrations as stated for the primary standard (1 %), the estimated uncertainties in the
calibration factors are 1.4 and 1.7 % for the cross-calibration with the primary standard

and the cross-calibration with the quality assurance standard, respectively.

Table 5.2 Calibration factors determined for two Capintec PRO6C chambers
after cross-calibration with a Pantak orthovoltage unit.

Peak N Calibration factor for air kerma,
potential, Add1t19na1 Half-value layer, Near (¢Gy/nC)
filtration HVL (mm)
kVp (kV) S/N: C11.69874  S/N: C11.69694
75 2.4 mm Al 2.52 (Al) 3.922 4.088
0.078 (Cu)
125 3.12 mm Al 5.0 (Al 3.932 4.100
0.19 (Cu)
175 1 mm Cu + 0.48 (Cu) 3.965 4.114
2.5 mm Al
200 0.35 mm Cu 0.92 (Cu) 3.993 4.131
+ 1.5 mm Al
300 0.3 mm Sn + 2.86 (Cu) 4.021 4.168
0.5 mm Cu +
1.5 mm Al
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5.2.4 Measurements and predictions of ion chamber response as a function of beam
size
In conventional scenarios, where the beam is assumed to be uniform over the dimensions

of the ion chamber, the charge collected by the chamber (Q) can be expressed as,
0=DR, (5.1)

where D is the uniform dose delivered, R is the chamber response (e.g. nC/cGy), and the
charge has been appropriately corrected (e.g., 1ion collection efficiency,
temperature/pressure, polarization effect, stem effect, etc.). As implied by the
nomenclature, R represents an average chamber response. More generally, for a non-
uniform beam, the collected charge can be formulated as an integral over 2D beam

intensity (B(x,y)) and chamber response (R(x,y)) functions,

0=D [B(x,y) R(x.y)dVc, (5.2)

with the dVj¢ designating integration over the active dimensions of the chamber. In the
above equation, D is chosen to be the maximum dose in the profile, such that B(x,y)
becomes a unitless, relative intensity ranging from zero to one. Since R= [ R(x,)dVc,

Eq. 5.2 can be rewritten as,

O=Df R, (5.3)
where
[ B(x,y) R(x,y)dV;c
- 5.4
e JRGe))dVie G4

represents a weighted fraction of irradiated volume equivalent to when the chamber is
uniformly irradiated. Thus, for the small, non-uniform synchrotron beams used in our
experiments the effective chamber response (f , R) is no longer single-valued, but is
rather a function of the beam dimensions and profile. A number of experiments were

conducted to investigate this dependence.
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5.2.4.1 Horizontal beam size dependence

The ion chamber reading as a function of horizontal beam size was investigated by
adjusting the horizontal beamline jaws from a nominal size of 1 mm to 80 mm. The
measurements were taken at two vertical field sizes: 1 mm and 8.7 mm (nominally).

From theory it is expected that the beam intensity (By) is uniform in the horizontal
direction. Further, with the long axis of the chamber also in the horizontal direction, the
cross-section of the chamber seen by different horizontal beam positions is similar over
the majority of the chamber's active volume. (This will not be true near the tip or base of
the chamber). If it is thus (to first order) assumed that the chamber response function is
also constant horizontally (R,), then for a given beam height, from Eq. 5.2 it is expected
that the collected charge will be proportional to the horizontal length of the chamber
irradiated [ dx,

Q « B, R, [dvx. (5.5)

5.2.4.2 Vertical beam size dependence: stationary ion chamber

The ion chamber response was measured as a function of beam height by varying the
nominal vertical setting of the beamline collimators. The chamber was first centered
vertically in the beam by finding the maximum ion chamber signal, then remained
stationary during the measurements. The nominal vertical beam size was varied between
0.1 and 8.7 mm, with a horizontal beam size of 40 mm, during experimental session 1.
For experimental session 2, the vertical beam size was varied between 0.6 and 8.7 mm,
with a horizontal beam size of 70 mm. The ion chamber was positioned 26.1 m from the
source for experimental session 1 and 25.6 m from the source for experimental session 2.
The analysis of these experiments is complicated because it cannot be assumed
that either the beam intensity or the ion chamber response is constant in the vertical
direction. A MATLAB (MathWorks, Natick, MA, USA) script was created to predict the
ion chamber output using the measured beam profile and ion chamber response functions.

Analogous to Eq. 5.2 and 5.3, the charge collected can be expressed as,

0=D [ BG)RG)dv=Df,, R (5.6)
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where R(y) is the radial ion chamber response to a vertical slit (collimated vertically,
wide horizontally), B(y) is the vertical beam profile for the given collimator settings, and
it is assumed that horizontally the beam is uniform and larger than the chamber
dimensions. The code aligns, multiplies and integrates the B(y) and R(y) functions to
determine the f,,; ratio of ion chamber response in the non-uniform, narrow (smaller than
the chamber) synchrotron beam compared to the response in a uniform, broad beam

(significantly larger than the chamber) that would be used when calibrating the chamber,

_[BO) R dy

5.7
vol fR(y)dy ( )

where the integration is over the height of the chamber. Using Eq. 5.4 and 5.7, and
recognizing I/R as the dose calibration factor, N.; (i.e. cGy/nc) for the ion
chamber/electrometer system, the measured maximum dose rate can be calculated from

Q 2 'Ncal (58)

D/I[Gy s'-mA™ = X
vol °78

where QOeqs 18 the electrometer reading (nC) corrected for temperature and pressure,
polarity and ion recombination; and Xj is the product of the storage ring current (Isg) in
mA and the exposure time in s. Since the ring current decays between ring injections,
and the dose rate is directly proportional to the storage ring current, it is convenient to

normalize the dose rate with respect to Zsz.

5.2.4.3 Vertical beam size dependence: scanning ion chamber

Since many radiotherapy and imaging synchrotron applications, such as microbeam
radiation therapy, involve vertically scanning the beam to cover a larger area of the
phantom/patient, air kerma rates were measured to replicate these conditions. The
integrated charge was measured while the ion chamber was scanned vertically (= 14 mm
to £ 20 mm) through the synchrotron x-ray beams at a constant speed (1 or 3 mm/s). As
in the stationary measurements, the beam size was varied by adjusting the beamline
collimators.

For scanning measurements, at a given instant in time, the current (i.e. charge

rate) collected is related to the maximum dose rate, D, via
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(@)= f B(y) R(y+a)dy =D (B+R)(a) (5.9)

where a is the displacement between the centres of the beam and chamber, and the *
indicates cross-correlation. The integrated charge when scanning the chamber through

the beam is then

J(B+*R)(a) da (5.10)
v

0- [ 6w ai=p
where v is the constant scan speed in the vertical direction, and thus df = da/v. Analogous

to the stationary case, here we define an effective time in a uniform, large beam #.4,

_ JB*R)(a) da
lofr = W (5.11)

MATLAB code was used to perform the cross-correlation of the relative ion chamber
response and beam profile to calculate 7., and finally, the measured dose or air kerma

rate using,

Qm eas .NC al

D/I[Gy s'-mA™ = (5.12)

Loy LR

where Oueas, Near, and Isg are as above.

5.2.5 Reference dosimetry

The reference air kerma rate was determined for the four x-ray beams using Eq. 5.8 and
5.12, but because the scanning response did not have a complete set of data, reference air
kerma rates are only reported for the stationary measurement. Additional correction
factors (defined in Section 4.3.5) to account for the temperature and pressure (kzp),
polarity effects (k,,/) and ionic recombination (k;,,) were applied. The calibration factors,
Nca, are in Table 5.2. Additionally, the measurements from experimental session 1
(0.938 mm Cu-filtered beam) were corrected for attenuation in air to account for the
differences in the positions of the ion chambers. The mean air kerma rate and the peak

air kerma rate at the center of the x-ray beam were both determined.
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5.3 Results and Discussion

5.3.1 PRO6C response function

The PRO6C’s radial slit response function is shown in Fig. 5.2. The response function
reveals the structure of the ion chamber, specifically the outer walls and inner electrode
of the detector. The full-width at half maximum (FWHM) of the response function is
6.48 mm, which is very close to the ion chamber diameter of 6.4 mm. The FWHM of the

inner peaks is 1.64 mm, which again is very similar to the expected electrode diameter of

1.6 mm.
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Figure 5.2 The Capintec PRO6C response as a function of position across the
chamber’s diameter (measured with the 0.938 mm Cu-filtered beam). The
markers are individual data points and the dashed line is to guide the eye.

The Capintec PRO6C response functions for several beam energies are plotted in
Fig. 5.3(a). The peaks at the central electrode monotonically decrease with increasing
energy. These results suggest a local 30% decrease in the charge collected by the ion
chamber for the part of the x-ray beam hitting the central electrode as the x-ray energy
increases from 20 keV to 150 keV. Although the chamber wall is composed of the same
material, the peaks at the wall do not demonstrate the same monotonically decreasing

trend (Fig. 5.3(b)). The mean response over the chamber width is obviously influenced
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by both the wall and electrode trends. The broad-beam calibration factors (Table 5.2),
representing the spatially-averaged response, show a change in response of less than 5 %
over an effective energy range of ~30 — 120 keV. Further investigation is required to
fully understand the energy dependence of the chamber, and the potential impact on the

air kerma measurements. No corrections for energy dependence were applied for any

relative or reference air kerma rate values.
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Figure 5.3 (a) The Capintec PRO6C response function measured with 5
monoenergetic beams (20 — 150 keV), and the 1.103 mm Cu-filtered
polyenergetic beam with a mean energy of 56 keV. (b) The mean of the two
outer peaks (ion chamber wall), the two inner peaks (central electrode), and mean
across the chamber as a function of x-ray energy.
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5.3.2  Vertical beam profiles

The vertical beam profiles for the largest collimator setting (8.7 mm) and the collimator
setting of 0.6 mm are shown in Fig. 5.4. A more complete representation of the profiles
at various collimator settings for the 0.938 mm Cu-filtered beam is shown in Fig. 3.8.
The FWHM of the vertical beam profiles are stated in Table 5.3, including all collimator
settings measured during experimental session 2 (including 20.0 and 33.3 keV

monoenergetic beams, and the 1.103 mm Cu-filtered polyenergetic beams). The set of

!i —1.103 mm Cu - 8.7 mm
i -1.108 mm Cu - 0.6 mm
0.8¢ it —33 keV - 8.7 mm
o i - 33 keV - 0.6 mm
i i —20 keV - 8.7 mm
& 0.6 i 20 keV - 0.6 mm
E 0.938 mm Cu - 8.7 mm
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> 0.4 ]
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Figure 5.4 The vertical beam profiles measured with Gafchromic EBT2 and
EBT3 film for the widest (8.7 mm) and a narrow (0.6 mm) nominal collimator
settings for all beam energies investigated.

collimator settings investigated for the 0.938 mm Cu-filtered beam during experimental
session 1 were not the same as in session 2. A more complete list of the FWHM for the
0.938 mm Cu filtered beam profiles is given in Table 3.4. At the 8.7 mm collimator
setting (i.e. no effective collimation), the lowest energy beam (20.0 keV) is the tallest.
This is expected since the opening angle for a given energy decreases as energy increases
(Section 2.4.1). The narrowest is the highest energy, most heavily filtered (1.103 mm
Cu) beam. As the beamline jaws are brought together to provide collimation, the 0.938

mm Cu-filtered beam appears to be wider than the others. This is attributed to a change
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in beamline configuration between the two experimental sessions, and not due to the
natural opening angle of the 0.938 mm Cu-filtered beam, which is expected to be quite

similar to the 1.103 mm Cu-filtered beam.

Table 5.3 The measured FWHM of the beam profile for nominal collimator
settings investigated during experimental session 2 (1.103 mm Cu-filtered, 33.3
keV and 20.0 keV x-ray beams). Some values for the 0.938 mm Cu-filtered
beam, measured during experimental session 1, are included for comparison.

Nominal Beam Measured FWHM of the beam profile (mm)
Height (mm) 1.103 mm Cu 333 keV 20.0 keV 0.938 mm Cu
8.7 2.60 2.59 3.67 2.65
4.0 2.29 2.38 3.12 -—-
3.0 1.91 1.97 2.52 -—-
2.0 1.45 1.46 1.70 2.22
1.0 0.73 0.75 0.78 1.63
0.6 0.35 0.42 0.39 1.29

5.3.3 Horizontal ion chamber response

As discussed in Section 5.2.4.1, a linear relationship between chamber response and
horizontal beam size was expected because of the uniform profile of the beam and
structure of the ion chamber in the horizontal plane. The results, shown in Fig. 5.5,
confirmed our expectations. A linear fit (from MATLAB) is also shown over the first 24
mm, and had a coefficient of determination (R?) of 0.9995. The measurements also
confirmed the internal structure of the ion chamber, with a loss in linearity occurring at a
beam size of 25 mm. The small, but continued increase in response for field sizes wider
than the collecting volume (approximately 25 — 30 mm) is attributed to the additional

scatter dose, and potentially stem effects, as the field size grew.
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Figure 5.5 The lateral Capintec PRO6C response function. Measurements were
taken with beam heights of 1.0 and 8.7 mm. The dashed line shows the linear fit.

5.3.4 Vertical ion chamber response - stationary geometry

The predicted relative ion chamber response for the stationary measurements was
calculated using Eq. 5.8. Figure 5.6 illustrates the algorithm used to determine the
weighted ion chamber volume irradiated (f,,;) by integrating the product of the aligned
ion chamber response function and the beam profile. The example in Fig. 5.6 is for the
1.103 mm Cu-filtered beam at collimator settings of 8.7 mm (top) and 0.6 mm (bottom).
A comparison between predicted and measured ion chamber response as a
function of vertical beam height for the stationary measurements is shown in Fig. 5.7,
where the responses have been normalized to the largest vertical beam (8.7 mm). As
expected, the predicted and measured ion chamber reading increases as the beam size
increases. The chamber response flattens off as the nominal beam size increases, which
reflects the Gaussian nature of the beam profile. The 20 keV data demonstrate the least
flattening with increasing beam size, and this is because this beam has the largest
FWHM, and thus is still affected by collimator changes at the larger beam sizes. The
change in the general shape of the 0.938 mm Cu-filtered data (experimental session 1)
and the other curves (experimental session 2) is likely due to changes in the beamline’s

jaws between the two experimental times. If the relative ion chamber response is plotted
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with the measured FWHM of the beams instead of the nominal collimator settings, the

data sets are more similar.
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Figure 5.6 A representation of the algorithm used to determine the relative ion
chamber response with beam size for the stationary measurement. The left
column shows the aligned ion chamber response function and the beam profile,
while the right column shows the product of the two functions. The top row is an
example for the 1.103 mm Cu-filtered beam and the 8.7 mm collimator setting,
and the bottom row is the for 0.6 mm collimator setting.

The maximum difference between the predicted and measured values occurred for
the smallest beams (0.1 and 0.6 mm collimator settings). The maximum differences were
4.9, 8.0, 9.0 and 10.2 % for the 0.938 mm Cu-filtered beam, 1.103 mm Cu-filtered beam,
33.3 keV and 20.0 keV, respectively. If the smallest beams are ignored, the average
differences between measured and predicted values are 1.4, 0.8, 3.2 and 1.2 % for the
four beams in the same order as listed above. The greatest source of uncertainty in the
calculated data is probably attributed to the alignment between the beam profile and the
ion chamber response function. To investigate the influence of misalignments, the
algorithm was re-run with offsets between the ion chamber and beam profiles. For the
largest beams, the change in f,,; was less than 0.1 % per 100 wm offset near the centered

position. The dependence on position was an order of magnitude greater for the smallest
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beams, which showed up to a 1.6 % change in f,,; per 100 um misalignment near the

centered position.
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Figure 5.7 The stationary configuration predicted (‘calc’ — solid circles) and
measured (‘meas’ — open circles) relative ion chamber response as a function of
the nominal beam size for all beam energies considered.

5.3.5 Vertical ion chamber response - scanning geometry

Figure 5.8 demonstrates the algorithm for determining the effective time in a uniform
beam (Eq. 5.11), which was used to determine the air kerma rate for the scanning
measurements. Like Fig. 5.6, the examples shown here are for the 1.103 mm Cu-filtered
beam at the 8.7 mm (top) and 0.6 mm collimator settings. The right column shows the
cross-correlation between the beam profile and the ion chamber response function, which
is integrated to determine 7.

Figure 5.9 shows that the predicted and measured ion chamber response as a
function of beam height for the scanning measurements. The general trends are very
similar to the stationary geometry: the rate of change of ion chamber reading with
changing beam height is lowest at the widest collimator positions. Again, there is a large
difference between the measurements taken during the first (0.938 mm Cu-filtered beam)
and second experimental sessions. As above, this is expected to be due to a change in

beamline configuration between the two data collection times. Again, the ion chamber
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readings in the larger 20 keV beam show more change with collimator setting at the wide

settings than any of the other beams.
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Figure 5.8 A representation of the algorithm used to determine the relative ion
chamber response with beam size for the scanning measurement. The left
column shows the aligned ion chamber response function and the beam profile,
while the right column shows the cross-correlation of the two functions. The top
row is an example for the 1.103 mm Cu-filtered beam and the 8.7 mm collimator
setting, and the bottom row is for the 0.6 mm collimator setting.

The agreement between measured and predicted values was poorer for the
scanning measurements than the stationary measurements. For the beams investigated
during the second experimental session, the greatest difference occurred for the 2.0 mm
beam, and the values were 9.8, 21.0, and 9.5 % for the 20.0 keV, 33.3 keV, and 1.103
mm Cu-filtered beams, respectively. The mean differences between measured and
predicted values are 3.8, 7.4, and 4.9 % in the same order as above. The 0.938 mm Cu-
filtered beam, measured in the first experimental session, had a maximum difference
between predicted and measured values of 9.0 % (for the 1.0 mm beam), and an average
difference of 4.0 %. Although the cause of the large uncertainties is still unknown, it
may be influenced by limitations of the electrometer in making effectively instantaneous

measurements while the chamber is scanned.
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Figure 5.9 The scanning configuration predicted (‘calc’ — solid circles) and
measured (‘meas’ — open circles) relative ion chamber response as a function of
the nominal beam size for all beam energies considered.

5.3.6 Reference dosimetry

The 05B1-1 air kerma rates for two polyenergetic beams (0.938 mm Cu and 1.103 mm
Cu filtration) and two monoenergetic beams (20.0 and 33.3 keV) were determined using
Eq. 5.8, and are reported in Table 5.4. The interpolated (based on Tables 5.1 and 5.2)
calibration factors to convert electrometer reading (nC) to air kerma (Gy) for each beam
quality are also tabulated. The correction for additional air attenuation applied to the
0.938 mm Cu-filtered beam measurements was 1.013. The peak and mean air kerma
rates at a synchrotron storage ring current of 250 mA (the maximum value) as a function
of nominal beam size (collimator setting) are shown in Fig. 5.10. As expected, we see an
increase in the mean air kerma rate with increasing vertical beam size. The peak air
kerma rate is fairly uniform for collimator positions between 1 and 8.7 mm. It is
expected that the least filtered polyenergetic beam will have the highest air kerma rate,
which is what is observed. For the uncollimated beams (collimator setting = 8.7 mm),
the peak air kerma rate was 1.89 Gy/s for the 0.938 mm Cu-filtered beam. The peak

1.103 mm Cu-filtered beam air kerma rate was determined to be 1.31 Gy/s. The ratio
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between these values is 0.70, which is very close to the theoretical relative flux ratio

between the two filtrations (0.69; Table 5.1).
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Figure 5.10 Reference air kerma rates as a function of beam size (nominal
collimator setting) for the four beam energies investigated. Values include the
mean air kerma rate across the varying beam profile, and the air kerma rate in the
beam’s peak at a storage ring current of 250 mA.

The air kerma rates for the monenergetic beams are significantly lower than the
polyenergetic beams. This is because energy selection by the monochromator removes
the majority of the photons in the beam. The air kerma rates calculated for the
monoenergetic beams depend on the monochromator’s crystal angle; small drifts in the
angle cause significant changes in the beam’s intensity. The monochromator on the
05B1-1 beamline has a feedback system to stabilize its output, but its performance was
not investigated. Additionally, the repeatability of the crystal’s output after moving
between different energies (which requires relatively large changes in the crystal’s angle)
was not investigated. Because of these unknowns, the repeatability of the air kerma rates

reported in Table 5.4 requires investigation.
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Table 5.4 The air kerma rates as measured by the Capintec PRO6C ionization
chamber in the open field (collimator setting = 8.7 mm). The air kerma rates are
included for the mean across the non-uniform beam and for the central most
intense region of the beam.

Calibration Air kerma rate, K at 250 mAs (Gy/s)
X-ray beam factor, N

(cGy/nC) Mean Peak
1.103 mm Cu 4.108 0.57 1.31
0.938 mm Cu 3.945 0.84 1.89
333 keV 4.090 0.0087 0.0194
20.0 keV 4.078 0.043 0.129

The air kerma values from experimental session 2 reported above can be
compared to values determined through free-air chamber measurements given in Chapter
4. It is not simple to do a direct comparison because the geometry in the two
measurements was different. The FAC measurements were taken with a 0.516 mm
diameter aperture, while the cavity chamber measurements were performed with wide
beams (70 mm) which were collimated vertically by jaws approximately 15 m upstream
of the measurements. The cavity chamber peak air kerma rates were 30, 23, and 25 %
greater than the FAC measurements for the 20.0 keV, 33.3 keV, and 1.103 mm Cu-
filtered beams, respectively. The ratios of air kerma rates at each energy measured by the
two chambers agree within + 4 %, when normalized to the 1.103 mm Cu-filtered air

kerma rate.

5.4 Conclusion and future work

Measurements of the ion chamber response function of a clinical, cylindrical ion chamber
and of the beam profile enabled development of an algorithm to predict the ion chamber
response as a function of beam height in both scanning and stationary geometries. The
good agreement between the predicted and measured results for the stationary
measurements indicates that the developed model characterizing ion chamber response to
the small, non-uniform beam provides a valuable tool in understanding the ion chamber

response in the synchrotron x-ray beams. The poorer agreement for the scanning
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measurements highlights the limitations of the model and/or experimental method. Peak
air kerma rates between 0.019 and 1.89 Gy/s at the maximum storage ring current and the
maximum beam size were determined for the filtered BMIT bending magnet beamline at
the CLS. This is an important step to allow relatively fast (compared to free-air chamber
dosimetry) reference dosimetry on the BMIT beamlines.

Future work will include exploration of the discrepancies observed for the
scanning measurement. Monte Carlo simulations of the air kerma delivered to a cavity
ionization chamber, such as the Capintec PRO6C, by a small non-uniform beam will be
used to assess the required correction factors for determining air kerma. This will include
assessing the influence of the lack of lateral charged particle equilibrium in the beam, the
stem effect for this narrow beam, and the influence of energy dependence. The
dependence of correction factors (e.g., recombination and polarity corrections) on field
size requires investigation. Monte Carlo simulations will be done to establish a
relationship between the dose measured with the cavity ion chambers and with the free
air ionization chamber (Chapter 4). Additionally, further experimental work would
include the use of smaller volume cylindrical and/or parallel plate ionization chambers.
The advantage of smaller volume is less recombination as well as less influence of non-
uniformity over the chamber diameter, and a parallel plate chamber will have a uniform

response function and thus require fewer corrections.

5.5 References
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6 MONTE CARLO-GENERATED MRT DOSE
DISTRIBUTIONS AND ASSOCIATED DOSE-VOLUME
METRICS IN CUBIC HEAD PHANTOMS FOR THE
0SID-2 BEAMLINE

A version of this chapter has been published: D. Anderson, E. A. Siegbahn, R. Serduc, B.
G. Fallone, and B. Warkentin, “Evaluation of dose-volume metrics for microbeam

radiation therapy dose distributions in head phantoms of various sizes using Monte

Carlo simulations,” Phys. Med. Biol. 57, 3223-48 (2012).

6.1 Introduction

The geometric and dosimetric characteristics of MRT depart significantly from
conventional radiotherapy techniques. Because of this, much research thus far has been
directed at determining the optimal parameters for this type of delivery. In a pioneering
article on MRT, Slatkin et al. calculated dose distributions in water produced by x-ray
microbeams.! In this article, the authors introduced the peak-to-valley dose ratio
(PVDR), which measures the maximum peak dose in relation to the valley dose found
between two adjacent peaks, to quantify differences between microbeam array
configurations. It was argued that this ratio would be a parameter of potential therapeutic
importance in MRT, with a high PVDR believed to be advantageous for tissue tolerance.
Since the inception of MRT, researchers have also investigated more complex irradiation
geometries, such as cross-hatched irradiation,™ intersecting cross-firing,** or interlaced
cross-firing,”® (Fig 1.8) as a means of increasing the dose to the target over simple

3,5,9-11

unidirectional irradiation. In reports of animal experiments attempting to optimally

.. . . 2,4,5,10,12
balance tumor palliation and normal tissue sparing,”™> ™

the parameters varied
experimentally have included beam filtration, microbeam widths, center-to-center (c-t-c)
distance between microbeams and absolute peak doses delivered at the skin surface.
Despite this considerable work, definitive answers to these optimization questions remain

elusive.
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Although the PVDR has been a standard metric for MRT, it has limitations in its
ability to predict tissue response to MRT dose distributions. The PVDR only uses the
global minimum and maximum doses. It does not describe the influence of the
microbeam shape, which changes with geometry and photon energy. It also does not
consider absolute dose: the same PVDR at different dose levels will give different
biological results.'” A larger PVDR, traditionally considered better for normal tissue
sparing, has been shown to cause more normal tissue damage with extreme peak doses,
compared to geometries with a lower PVDR and lower peak dose.'” Even extremely high
PVDRs will not lead to normal tissue sparing if either the peak or valley dose is high
enough, again not reflected in this metric. Results from biological studies related to MRT
do indicate, however, that very high peak doses can be given without causing substantial

#1314 1t has therefore for some time been believed that the

damage in some scenarios.
valley dose may be a determining factor of the treatment toxicity. When the valley dose
has been considered in the planning of an experiment, it has normally been the local
minimum dose between the centermost microbeam peaks, which is a point dose metric.

In this chapter, we investigate potential metrics of toxicity and/or efficacy that
characterize the MRT dose distributions from a more volumetric perspective. Such
metrics have not traditionally been assessed in MRT studies. Since we surmise that the
valley dose over the full distance between two peaks, and not just the minimum dose,
may be of importance because of the significant dose variations within the valley region,
we introduce a modified PVDR based on measures of the mean dose within the peak and
valley regions. We also examine the mean dose within the different regions of interest
within simulated treatment volumes individually. The separation between the microbeam
peaks affects the dose distribution, and may have biological consequences: for example
smaller separations may increase damage due to destructive signalling between cells.
The fractional volume receiving greater than a given threshold dose for the different
regions of interest is also assessed.

The study of dosimetric (and eventually radiobiological) metrics for MRT is
potentially of interest also to conventional radiotherapy, as it may provide insights into
more fundamental aspects of radiation response. Better understanding of the therapeutic

effects of the extremely inhomogeneous dose distributions of MRT may inform how to
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distribute normal tissue dose during optimization of conventional treatment plans, as well

as helping elucidate the principles underlying the use of grid therapy'>™'®

(grid sizes of
millimeter, described in Section 1.1.4) with conventional x-ray sources. Eventually,
quantifying the response to MRT dose distributions, in conjunction with further animal
and cell studies, may explain the role of biological factors such as cellular migration,

. . .. 3191
intercellular communication and vascularization™

in response to not only MRT, but
also conventional radiotherapy modalities.

The primary aim of this work is to prepare for the preclinical biological studies at
the Canadian light source (CLS) by evaluating a variety of metrics using dosimetric data
as input. Since trials are foreseen for both small and large tumor-bearing animals, we
have generated dose distributions with the Monte Carlo simulation method of radiation
transport in three model heads of different sizes: (1) a 16 cm cubic phantom for a larger
animal (e.g. a dog), (2) an 8 cm phantom for a medium-sized animal (e.g. a cat), and (3) a
2 cm cubic phantom for a small animal (e.g. a mouse). Head phantoms were chosen
since the context of this work is potential use of MRT for brain treatments: lesions in the
central nervous system in children were given priority when MRT research began'~*"'>**
since the prognosis is in general poor for this patient group (Section 1.1.5) and the depth-
dose characteristics of MRT were less limiting in pediatric patients. (Targets in other
parts of the body may also be of interest in the future, however.) For each of these
different head sizes, we will evaluate the standard PVDR metric, as well as three new
ones based on a more volumetric analysis. Trends in the values of these metrics as a
function of head size and beam geometry (beam width, beam spacing, unidirectional
versus cross-firing) will be evaluated and discussed. These results will provide a
framework for eventual comparison with future biological experimental results, which

can be used to assess the validity of the metrics in predicting the effect of the treatment,

and a first step in developing more robust radiobiological indices.
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6.2 Materials and methods

6.2.1 Simulation geometry and details

The 2008 version of the Monte Carlo code PENELOPE® was used for the calculation of
MRT dose distributions, as it has in many past studies.*®'**** PENELOPE is a general-
purpose Monte Carlo simulation package for the modeling of coupled electron— photon
transport through arbitrary media. The code is applicable for energies between a few
hundred eV to approximately 1 GeV, with developers placing a special emphasis on the
implementation of accurate low-energy electron cross sections, which makes it suitable
for calculating the required high-resolution dose distributions for MRT. PENELOPE has
been benchmarked against experimental data with energies ranging from a few keV to
approximately 1 GeV and has shown consistent results between simulation and
measurement.”® Additionally, PENELOPE has been compared with other Monte Carlo
packages (EGS4, GEANT4, EGSnrc and MCNPX) for simulating MRT dose

distributions.?”?’

The results showed overall agreement, with the largest differences (up
to approximately 20 %) occurring in the high gradient regions just outside the primary
photon beam.”® Photon transport is simulated in detail, with the interactions of all
photons being simulated explicitly (i.e. no grouping of interactions) until the photon cut-
off energy for local absorption is reached. Photoelectric effect, Rayleigh scattering,
Compton scattering and pair production are all modeled in PENELOPE, and all but pair
production are relevant in calculating MRT dose distributions. In the 2008 version of this
code, the x-ray polarization is taken into consideration in the simulation of Compton and
Rayleigh scattering, which are the most important interactions in brain tissue due to its
low atomic number. The charged particle simulation algorithm employs a ‘mixed’
simulation approach: ‘hard’ interactions with scattering angles or energy losses greater
than pre-selected threshold values are simulated in detail, while ‘soft’ interactions with
scattering angles or energy losses less than these thresholds are modeled with a
condensed history (i.e. grouped interactions) multiple scattering approach.

Simulations were performed using the characteristics of the BMIT 05ID-2
(Section 2.6.2) beamline at the CLS (Section 2.5). The energy spectrum of the filtered,

collimated x-ray beam produced by the 4.3 T wiggler was calculated using the
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SPECTRA™ program. The program and its results were described in more detail in
Chapter 3. The energy spectrum used for the Monte Carlo simulations in this chapter is
shown in Fig. 6.1. The initial energy of the primary photons in the simulations was
sampled from this calculated energy spectrum, which is normalized to the peak energy.
The BMIT wiggler produces an energy spectrum with a most probable energy of 83 keV
and a mean energy of 99 keV, which is slightly lower compared to the mean energy of
107 keV ** of the ID17 biomedical beamline at the ESRF, where the majority of MRT
studies have thus far been performed. The Stokes polarization vector (0.997, 0, 0) was
used in the simulations, and was based on the output of SPECTRA. The vector indicates
almost complete linear polarization in the horizontal plane. Since the CLS 05ID-2
beamline has not yet been fully commissioned, neither the energy spectrum nor the
degree of polarization of the x-ray beam produced by its wiggler has been measured.
However, initial measurements of the penetrability of the CLS 05B1-1 beam indicate
reasonable agreement between this beam’s energy and that calculated with SPECTRA
(Sections 3.3.7 and 3.3.9). For all simulations, parameters for the cut-off energy loss for

hard elastic collisions (W) and hard bremsstrahlung emission (Wg) for electrons and

photons were set to 1 keV. For electrons, the cut-off energy of 1 keV corresponds to an
electron range of approximately 0.1 pm based on tabulated stopping power data from the
National Institute of Standards and Technology (NIST).*' The mixed simulation
parameters for electron scattering in PENELOPE — C1, which is the ‘average angular
deflection produced by multiple elastic scattering along a path equal to the mean free path
between consecutive hard elastic events’, and C2, which ‘defines the maximum average
fractional energy loss between consecutive hard elastic events’™ —were set to small
values (0.01) so that the simulations were almost completely done in the detailed
collision mode. This was done to minimize possible errors related to limitations of the
multiple scattering theory implemented in the code, and is feasible since the secondary
electrons generated are low in energy and therefore undergo a relatively small number of
collisions before being absorbed. Since our geometry does not contain thin bodies, as
discussed in the PENELOPE manual, the step-length control could be switched off by

setting DSMAX (the parameter restricting the maximum step length for electrons and

positrons) to a large value (1.0 x 10'%). The suitability of this choice was confirmed by
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the fact that results from a simulation with the step-length control switched off and a
simulation with DSMAX set to one-tenth the thickness of the thinnest body were

equivalent within statistical uncertainty. The simulation parameters (Wc, Weg, Cl1, C2

and DSMAX) were the same for all materials.

Relative Flux

0 100 200 400 500

300
Energy (keV)

Figure 6.1 The theoretical CLS BMIT 05ID-2 energy spectrum used in the
Monte Carlo simulations. The spectrum was estimated using the SPECTRA
computer program, and is normalized to the peak energy.

Dose distributions were calculated in head phantoms of sizes representing three
different animal sizes. Each phantom consists of three concentric cubes. The outermost
layer is composed of skin, the next layer of bone and the innermost cube consists of brain
material (Table 6.1 and Fig. 6.2). The compositions of brain, bone and skin were taken
from ICRU Report 44. The smallest phantom, representing a small animal head (i.e. a
mouse), has a 2 cm cubic brain region, a bone thickness of 0.5 mm and a skin thickness
of 0.5 mm, chosen to match the geometry in Serduc et al. (2008).>> An 8 cm cubic brain
region was used to represent a medium-sized animal (i.e. a cat) head, and a 16 cm cubic
brain region was used to represent a large-sized animal (i.e. a dog) head. In addition to
the skin, bone and brain, a lesion, also composed of brain material, was imagined at the
center of the brain. A lesion represented by a cube with sides measuring 4 mm was

considered for the 2 cm mouse, 8 cm cat and 16 cm dog phantoms. To represent the
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larger tumors more likely to be found in larger animals, a 16 mm lesion in the 8 cm cat
phantom, and a 32 mm lesion in the 16 cm dog phantom were also studied. The
thicknesses of skin, bone and brain in these simple phantoms are convenient
approximations for the purpose of these simulations; although the values may not
necessarily be the most physiologically representative for the ‘average’ mouse, cat and
dog, the dimensions selected fall within ranges quoted in the literature for these
dimensions.”>’” The dose to medium (i.e. physical dose) is calculated in the different
tissues traversed by a microbeam array. As it is normally the dose to water that is
reported in radiotherapy, the dose to the bone appears exaggerated because of the large

absorption at these kilovoltage energies.

Table 6.1 Dimensions of the various materials making up the three phantoms
corresponding to Fig. 6.2. All simulations done in the larger phantoms (8 cm cat
and 16 cm dog heads) considered both a small lesion (4 mm) and a larger lesion
scaled up according to the dimensions of the phantom.

2 cm Mouse Head 8 cm Cat Head 16 cm Dog Head

Phantom Phantom Phantom
Skin 0.5 mm 2 mm 4 mm
Bone 0.5 mm 4 mm 8 mm
Brain 20 mm 80 mm 160 mm
Lesion 4 mm 4 mm & 16 mm 4 mm & 32 mm

For each of the five different treatment scenarios summarized in Table 6.1, dose
distributions were generated for nine different combinations of microbeam widths and c-
t-c spacings between the microbeams. The widths of 25, 50 and 75 um and spacings of
100, 200 and 400 um investigated in this study are values that have been used in previous
MRT experiments. Since the primary motivation of this work is to identify general
trends in the dependences of several dose-volume metrics (described below in Section
6.2.3) on MRT geometry, rather than calculation of the precise values of the metrics,
somewhat simplified simulation geometry was used to achieve a reasonable
computational efficiency for the number of simulations required, and their spatial

resolution.
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Figure 6.2 The head phantoms used in the simulations consisted of three
concentric cubes composed of brain, bone and skin. Different sizes were used to
represent animals of varying sizes — a 2 cm brain of a mouse, an 8 cm brain of a
cat, and a 16 cm brain of a dog. Dimensions of the various materials are listed in
Table 6.1.

. : : 8,24,38,39
As done in several previous MRT Monte Carlo studies,” ™"

and briefly
described previously in Section 3.2.10, a single, rectangular, parallel microbeam incident
at the surface of the phantom was simulated. The x-ray energy of the photons was
sampled from the theoretical spectrum (Fig. 6.1), and their direction was perfectly
perpendicular to the phantom surface. Our simulations thus did not include the source
size or the small divergence of the x-ray beam (~ 4 mrad in the horizontal direction), nor
the MRT collimator and the effects of the propagation distance between the source and
collimator and the collimator and phantom.*” In each simulation the dose distribution
resulting from the incident microbeam was scored in parallelepipeds as a function of
depth and lateral displacement from the center of the microbeam. The scoring in the
depth direction was in slices of 0.5, 2 and 4 mm thicknesses for the 2 cm mouse, 8 cm cat
and 16 cm dog phantoms, respectively. As has been done in previous work,** the
transversal dose profile at each of these depths was scored in lateral bins of increasing
size as the lateral displacement from the center of the microbeam peak increased, in order
to reduce the statistical uncertainties as the dose deposition falls off. Doses over the
height of the microbeam were integrated. Using the transversal dose profile for a single

planar beam, the dose pattern for the number of microbeams in the array size required to
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cover the width of the lesion was obtained by using a superposition/convolution

procedure:

N
D)= D) 5%, 6.)
=1

where D (x) is the dose distribution as a function of lateral displacement for a single

microbeam (interpolated to a 1 um spacing to facilitate the convolution), N is the number

of microbeams in the array and the x;’s are the relative position of the centers of the

different microbeams in the array, spaced at 100, 200 or 400 um. This approach assumes
that the dose profile used in the convolution is position invariant. Nettelbeck et al.
(2009) showed that modeling of a single microbeam and subsequent superposition is an

adequate approximation if the construction of the multi-slit collimator is symmetric.*’

The size of the microbeam array was chosen to match the size of the lesion. A 4 x 4 mm?

array was studied for all phantoms, in order to isolate the effect of phantom size alone; to

investigate the effects of larger tumors, additional simulations were done with the array

2 2

scaled up to create a 16 x 16 mm~ array in the 8 cm cat head phantom, and 32 x 32 mm
array in the 16 cm dog head phantom.

While in most previous preclinical experiments the animals have been irradiated
unidirectionally in the direction from ear to ear (note that the choice of entrance would be
more crucial for dogs than mice since beam attenuation is accentuated for deeper seated
tumors), some previous and many future experiments will employ a cross-firing
technique using a second perpendicular microbeam (e.g. in the anterior—posterior
direction). Thus, our Monte Carlo simulations of the unidirectional irradiation geometry
were also used to derive dose distributions for the cross-fired (CF) array geometry. First,
a linear interpolation for intervals of 1 pm in the depth direction was performed between

the transversal dose profiles scored at the different depths, which resulted in a two-

dimensional (2D) matrix of the dose distribution on a 1 x 1 pum?® grid for unidirectional

irradiation. This 2D dose matrix was duplicated then rotated 90°, to mimic a second,
orthogonal array of microbeams, and added to the original 2D matrix to create a
cumulative 2D dose distribution matrix for a CF region at the center of the head

phantoms. A matrix corresponding to a 4 x 4 x 4 mm’ CF region was generated for each
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of the three phantoms; in addition, a 16 x 16 x 16 mm’® array for the 8 cm cat head
phantom and a 32 x 32 x 32 mm’ array for the 16 cm dog head phantom were created.
These mathematical operations (interpolation and matrix rotation and summation) were
performed using MATLAB. Use of the above approach to generate the CF dose
distributions was possible because of the symmetry of the head phantoms simulated, and
would not be applicable to an anatomically correct data set.

In the mouse head phantom, 10° histories were used for each simulation, while
10® histories were used for simulations in the cat and the dog head phantoms. Statistical
uncertainties (26) were tallied and propagation of errors was used to determine the errors
on the interpolated values within the dose distributions. Uncertainties due to the choice
of interpolation method were ignored. The resulting statistical uncertainties were 0.2—0.9
% in the microbeam path, and 0.5-2.0 % between microbeams at the center of the array

in the center of the phantom for all simulations.

6.2.2 Description of dose-volume metrics

Despite its limitations as a dose-volume metric for MRT, the PVDR was calculated for
all simulations because it has been the most commonly used metric in previous MRT
research, and is useful to compare our results for the new biomedical beamline at the CLS
to past studies. The PVDR was calculated for the central microbeam in the array at the

center of the head phantom in the following manner:

Dea
PVDR=—2%*

(6.2)

valley

where D, 1s the dose at the center of the peak of the central microbeam, and D, 1s

the dose at the center of the valley on one side of the central microbeam (Fig. 6.3(a)).
The uncertainty in the PVDR was determined by conventional propagation of errors for a
ratio of two values.

To extend the definition of the PVDR, we devised the peak-to-mean valley dose
ratio (PMVDR) to take into account that it is not only the minimum dose between two
peaks which is important for the toxicity of MRT, but also the dose in the valley closer to

the edges of the microbeams. A biological rationale for such averaging is that the doses

200



produced by MRT vary significantly, particularly in the valley region, over the biological
scales involved. There is evidence from earlier research on MRT that repair becomes
more difficult if several neighbouring endothelial cells (typically 10-20 pm in diameter)
are damaged in the valley.”* For a blood vessel, such severe cellular damage can lead to
ischemia, for example. In this scenario, looking solely at the absolute minimum dose in
the valley may underestimate the potential biological damage since neighbouring
endothelial cells in the valley but closer to the peak will receive a higher dose — an
overestimation of the expected normal tissue tolerance may result. MRT tumour control
and normal tissue toxicity would seem less sensitive to the absolute peak dose, within
certain limits, compared to the valley dose, so averaging over the peak may not be as
important as averaging over the valley. The mean peak dose is, however, more
representative, especially for narrow microbeams, since there is still significant dose
falloff at the edges of the microbeams. Evaluating the mean valley and peak doses
instead of simply the minimum valley and maximum peak dose is thus a first step to a
more complete dose-volume analysis of MRT dose distributions that accounts for dose
gradients.

We calculated the PMVDR using the mean dose over the nominal microbeam
width (25, 50 or, 75 um) and the mean dose over the nominal valley width, which is the
microbeam spacing (100, 200, or 400 um) minus the microbeam width (Fig. 6.3(b)) as

follows:

L
N, i,peak
L
N, i,valley

2 i,peak D i,peak
PMVDR=

(6.3)

D

2 i,valley™~ivalley

where the D,’s are the dose in the bins which fall in either the peak or valley region as
shown in Fig. 6.3(b), and the N;’s are the number of bins within each region. The

uncertainty in the PMVDR is calculated by adding the statistical uncertainties in
quadrature when averaging dose in the peak and valley regions, and again using
propagation of errors when taking the ratio of the mean values. Using the nominal peak
and valley widths to calculate the PMVDR is somewhat arbitrary since it would be
expected that if the biological rationale discussed above is realistic, the spatial windows

used for averaging should be absolute distances. However, at this point there is not yet
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nearly sufficient experimental evidence to inform limiting peak and valley doses or
distances for MRT. A superior definition will hopefully be revealed following further
cellular and animal studies, or revision of previous studies, allowing comparison of
biological outcome with the metrics defined in this and other studies. The PMVDR also
does not consider absolute dose, and therefore shares this shortcoming with the PVDR.
A better understanding of MRT dose limits is required so that they too can be

incorporated into new metrics.
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Figure 6.3 Schematics showing the four metrics explored in this study. (a) The
PVDR is the ratio between the dose at the center of the peak and the center of the
adjacent valley for the central microbeam. (b) PMVDR is the ratio between the
mean dose in the peak region and the mean dose in the valley region. (¢) The
mean dose (dashed line) is calculated in the typical manner, and is normalized to
the maximum absorbed dose in the phantom. (d) The percentage volume under
10 % of the entrance skin dose was also calculated. The bold section of the curves
indicate the bins included in this volume, and the dashed curves indicate bins
excluded from this metric.
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In addition to the PVDR and PMVDR, we also calculated two other metrics, the
first being the mean dose to the different tissues (skin, bone, brain and tumour). The
mean dose can be compared to conventional equivalent uniform dose (EUD)*' methods,
since the mean dose is equal to EUD when a volume parameter of 1 is chosen (Fig.
6.3(c)). The value of @ = 1 was selected for now because values relevant to the extreme
spatial fractionation of MRT are unknown, with the volume parameter values typically
chosen for tumours and normal tissue likely being unsuitable. Adding the errors in each
dose bin in quadrature was again used to estimate the uncertainty in the mean dose. The
mean dose was expressed as a percentage of the maximum dose in the array, which
occurs in the bone at the side of the head nearest the entrance surface. The second
additional metric investigated is the percentage volume of brain, within the volume
traversed by the microbeam array path, receiving a dose below 10 % of the peak entrance
dose (Fig. 6.3(d)). The error in the volume was taken as the average of the volume lying
above or below 2c of the threshold dose. The percentage volume below 10 % was
chosen because it is a way of quantifying the dose distribution in terms of its volumetric
damage—the greater the volume below a given critical threshold (again chosen arbitrarily
since the threshold is unknown) in the normal tissue, the better the sparing expected.
Reducing this volume in the lesion is desired to ensure maximal cancer cell death. This
metric can easily be adjusted to consider absolute dose, given the knowledge of a
threshold valley dose, which in turn depends on geometry (microbeam width and
spacing). The analysis of the MRT unidirectional and CF dose distributions with respect
to the four different dose metrics was performed using MATLAB.

We hypothesize that one metric may be appropriate for assessing normal tissue
damage, while another may be better suited for predicting tumour control. It is hoped
that the analysis of preclinical trials will identify which metrics are most useful in

predicting the MRT outcomes.
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6.3 Results

6.3.1 Dose distributions in head phantoms and the effect of phantom size

To illustrate the general characteristics of the simulated MRT dose distributions in a
cubic head phantom, the dose distribution in the 2 cm mouse head when irradiated with
an array of 25 um wide microbeams, separated by 200 pum, is shown in Fig. 6.4(a). The
prominent dose near the entrance and exit walls of the phantom is due to the elevated

dose to bone. The plot shows the fairly gradual decay in dose with depth in this, the
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Figure 6.4 (a) Surface plot displaying dose as a function of depth in the
phantom and distance perpendicular to the direction of the microbeam array
propagation for a microbeam width of 25 pum and a c-t-c spacing of 200 pm. b) A
plot showing a lateral dose profile for a 50 pm wide microbeam separated by 400
um in the 2 cm mouse head phantom with a PVDR of 123. The dose was scored
between 10.0 and 10.5 mm in the cubic brain region.
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smallest, head phantom. Figure 6.4(b) shows a normalized lateral dose profile,
demonstrating the variation in dose in the direction perpendicular to microbeam
propagation, for a 50 pm microbeam separated by 400 um in a 2 cm mouse head phantom
scored over 0.5 mm in the depth direction near the center of the phantom. The PVDR in
this particular case is 123.

The peak and valley doses, along with the PVDR (also in Table 6.3), are shown as
a function of relative depth (since the phantoms have different sizes) for the three head
phantoms in Fig. 6.5 for a microbeam width of 50 um and a c-t-c¢ spacing of 400 um. All
data in Fig. 6.5(a) and (b) are normalized to the maximum peak dose for a given
phantom—array combination. The effects of the greater attenuation between the entrance
and exit surfaces of the phantom as the phantom size increases are illustrated in Fig.
6.5(a). The 8 cm cat head phantom with the 4 mm array and the 16 cm dog head with the
4 mm array data lie directly under those for the 8 cm cat head with the 16 mm array and
the 16 cm dog head with the 32 mm array, indicating that there is very little change in the
relative peak dose between the smaller 4 x 4mm? array to the larger 16 x 16mm? and 32
x 32mm? arrays for the 8 cm cat head and 16 cm dog head, respectively. Figures 6.5(a)
and (b) show that the valley dose more strongly depends on array size than the peak dose
does. The valley dose is higher (more than double for both 8 cm cat and 16 cm dog

heads) for the larger arrays due to more scattered dose.
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Figure 6.5 a) Normalized peak dose, b) relative valley dose (plotted relative to
the peak mean dose for each phantom-array combination) and c) PVDR as a
function of relative depth (1.0 corresponds to the full length of the head phantom
—2.2,9.4 or 18.4 cm depending on the animal) in the three head phantoms for a
50 um wide microbeam and a spacing of 400 um. The values are plotted for the
4 mm array for each phantom, and also for the larger array sizes (16 mm and 32
mm) for the 8 cm cat and 16 cm dog head phantoms.
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Figure 6.5(c) shows the PVDR for each phantom. The PVDR decreased with

increasing phantom size due to the decrease in peak dose and increase in valley dose. For

the 4 x 4 mm? array, the PVDR at the center of the 2 cm mouse phantom is 123.8, for the
8 cm cat head phantom it is 104.9 and for the 16 cm dog head it is 100.2. There was also
a more significant drop in PVDR when considering the different array sizes for the two
larger phantoms. At the center of the phantom, the PVDR dropped to 39.0 in the 8 cm
cat head and 26.0 in the 16 cm dog head, which were reductions of 62.8 % and 74.1 %,
respectively, compared to data obtained for the smaller arrays. Since in future
experiments spontaneous tumours in larger animals will generally be larger in size (larger
than 1 cm), results using the larger arrays for the 8 cm cat head and 16 cm dog head are
likely more representative of what could be expected in preclinical animal trials. Figure
6.5(c) also shows that the PVDR is lowest in bone and highest in the skin at the entrance

side of the phantom, which is beneficial for skin sparing.

6.3.2 Dose-volume metrics for unidirectional irradiation

6.3.2.1 Peak-to-valley dose ratio (PVDR) and peak-to-mean valley dose ratio (PMVDR)

Our Monte Carlo simulated PVDRs are compared to the results of similar studies
published in the recent literature in Table 6.2. For this comparison, we selected those
previous studies that used microbeam array geometries, phantoms and depths that were
most similar to those investigated in this work. As shown, there is generally good
agreement between our study and these previous ones, particularly considering that the
geometries and phantoms are still not identical. Comparisons with other publications
representing calculations performed in dissimilar phantoms showed considerable
discrepancies.

Table 6.3 lists the PVDR and our new metric, the PMVDR, calculated at the
center of the head phantom and the center of the array for all combinations of array size,
phantom size, c-t-c spacing and microbeam widths. The data show that an increase in the
microbeam width or decrease in the microbeam spacing will cause a decrease in both the
PVDR and PMVDR (due to an increase in valley dose). However, there is a nonlinear

relationship between PMVDR and PVDR, with the ratio, PMVDR/PVDR, ranging from
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0.21 to 0.79 for different geometries. The PMVDR and PVDR are most similar for low
PVDRs, which are produced by wide microbeams and narrow c-t-c¢ spacings. The PVDR
for the small array varies more rapidly with changing geometry than both the PVDR for
the larger arrays and the PMVDR. In the 16 cm dog head, for example, the largest and
smallest values among the nine collimation configurations (beam width/c-t-c spacing)
differ by a factor of 37.2 for the PVDR, but only a factor of 13.3 for the PMVDR with the
4 x 4 mm? array; for the larger 32 x 32 mm? array, the PVDRs and PMDRs range by
factors of 14.8 and 10.1, respectively. The PMVDR predicts a different dependence (in
terms of magnitude) on irradiation geometry parameters than does PVDR: it is thus
plausible that the results of biological experiments may be able to establish the

superiority of one of the metrics over the other.
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Table 6.2 Comparison of PVDR between this work with past publications for unidirectional and cross-fired (CF) irradiations.

Microbeam  Microbeam . Energy
Reference Phantom Width (um) Spacing (um) Array Size Spectrum PVDR
This work 2 cm mouse head 25 200 4x4 mm’ CLS 05ID-2 80.2+0.4
Serduc et al. 2008* (Fig. 5) 2 cm mouse head 25 211 4x4 mm® ESRFID 17  ~80
This work 16 cm dog 50 200 32x32 mm? CLS 05ID-2 12.240.1
Prezado et al. 2009%°(Table 3) 18 cm ellipsoidal 50 200 20x20 mm?* ESRF ID 17 11.0£0.3
head
This work 16 cm dog head 50 400 32x32 mm’ CLS 05ID-2 26.0£0.2
Martinez-Rovira & Prezado 12 c¢m slab head 50 400 20x20 mm> ESRF ID 17 21.1£0.1
2011% (Table 2)
Martinez-Rovira ez al. 2010 16 cm slab head 50 400 20x20 mm? ESRF ID 17 ~25
(Fig. 2)
This work 2 cm mouse head 25 200 4x4 mm’ CF CLS 05ID-2 40.6+0.3
Serduc et al. 2009'% (Table 2) 7 x7x10cm’® PMMA 25 211 14x10 mm® CF ESRFID 17  ~48
This work 2 ¢cm mouse head 50 200 4x4 mm’ CF CLS 05ID-2 21.1+£0.2
Serduc et al. 2009 (Table 2) 7 x7x10cm’ 50 211 14x10 mm’ CF ESRF ID 17 ~27
PMMA
This work 2 ¢cm mouse head 75 200 4x4 mm’ CF CLS 05ID-2 13.6+0.2
Serduc et al. 2009 (Table 2) 7 x7x10cm’ 75 211 14x10 mm’ CF ESRF ID 17 ~18
PMMA
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Table 6.3 PVDR and PMVDR in the center of the head phantoms for unidirectional irradiation and all combinations of array size,

microbeam width, and microbeam spacing.

Microbeam Beam width Ratio of
Phantom  Array Size  spacing © ( n\;v) PVDR PMVDR PMVDR to

(um) K PVDR

2 cm Mouse  4x4 mm”® 100 25 20.33+0.10 10.566+0.003 0.52
Head 50 9.94+0.05 5.977+0.002 0.60
75 5.28+0.03 3.601+0.002 0.68

200 25 80.20+0.37 23.408+0.007 0.29

50 41.25+0.20 15.184+0.004 0.37

75 26.28+0.13 11.840+0.003 0.45

400 25 229.53+1.63 49.208+0.014 0.21

50 123.75+£0.90 33.667+0.009 0.27

75 84.96+0.63 28.051+0.008 0.33

8 cm Cat 4x4 mm’ 100 25 19.67+0.21 10.2324+0.008 0.52
Head 50 9.69+£0.10 5.822+0.005 0.60
75 5.21+0.06 3.525+0.006 0.68

200 25 71.25+0.69 22.512+0.015 0.32

50 37.15+0.38 14.575+0.009 0.39

75 23.80+0.25 11.321+0.007 0.48

400 25 192.56+2.69 47.099+0.031 0.24

50 104.90+1.51 32.031+0.020 0.31

75 71.07+1.06 26.417+0.016 0.37

8 cm Cat 16x16 mm® 100 25 11.87+0.08 7.558+0.006 0.64
Head 50 6.27+0.05 4.431+0.004 0.71
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16 cm Dog
Head

16 cm Dog
Head

4x4 mm?>

32x32 mm°>

200

400

100

200

400

100

200

400

3.76+0.03

31.57+0.18
17.06£0.11
11.60+£0.08

71.89+£0.51
39.01+£0.31
27.04+0.23

19.14+0.19
9.53+0.11
5.01+0.06

67.02+0.68
35.16%£0.38
22.69+0.03

186.19+2.69
100.23+1.53
68.78+1.07

9.25+0.05
5.09+0.04
3.21+0.03

22.11£0.11
12.16=0.08
8.44+0.06

47.59+0.30
25.96+0.20
18.07£0.15

2.874+0.005

15.816+0.010
9.948+0.006
7.551+0.005

32.382+0.021
20.826+0.013
16.228+0.010

10.014+0.008
5.730+0.005
3.465+0.005

21.970+0.016
14.272+0.010
11.084+0.007

45.929+0.033
31.313+0.021
25.805+0.017

6.305+0.005
3.793+0.004
2.552+0.004

12.822+0.009
8.052+0.005
6.095+0.004

25.858+0.018
16.381+0.011
12.540+0.008

0.76

0.50
0.58
0.65

0.45
0.53
0.60

0.52
0.60
0.69

0.33
0.41
0.49

0.25
0.31
0.38

0.68
0.75
0.79

0.58
0.66
0.72

0.54
0.63
0.69
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6.3.2.2 Mean dose

The mean dose was calculated for the different regions of the phantom— skin, bone,
brain and lesion. In calculating the mean doses for the skin, bone and brain, only the
region of the structure located within the path of the microbeam array was considered (on
both entrance and exit sides of the phantom for skin and bone), not the entire volume of
the structure. This was done to remove changes in the mean doses resulting solely from
differences in the fraction of the regions irradiated, which are dependent on the sizes of
the phantoms. (If the whole tissue was considered, the mean doses in the brain, skin and

bone would be reduced to between 4 % and 1 % of the values stated for the 2 cm mouse,

8 cm cat and 16 cm dog phantoms with array sizes of 4 x 4, 16 x 16 and 32 x 32 mm?,

respectively; with the larger phantoms and 4 x 4 mm? arrays, the mean dose would be
reduced to between 0.25 % and 0.02 % of the values given in Table 6.4.) The mean
doses for unidirectional irradiation reported in Table 6.4 are expressed as a percentage of
the skin entrance peak dose. As an example, an entrance peak dose of 100 Gy given to
the 2 cm mouse head with 50 um wide beams and a beam separation of 200 um delivers a
mean dose of 12.4 Gy to the lesion in the center of the head. As expected, the mean dose
increases with decreasing c-t-c spacing and increasing microbeam width. A plot (not
shown) of mean lesion dose versus the ratio of microbeam width to c-t-c spacing suggests
an approximate linear relationship for a given phantom size, with the slope of the line for
the 8 cm cat and 16 cm dog phantoms being roughly one-half and one-fourth,
respectively, of the slope for the 2 cm mouse phantom. In the 2 cm mouse phantom, the
skin, brain and lesion all receive similar mean doses for a particular microbeam width
and spacing, while bone receives nearly double the dose. For the larger phantoms, the
bone dose is still about double the dose to the soft tissue, but there is more variation
between the skin, lesion and brain doses. The mean dose increases with the larger array
size, by between 2.4 % and 12.7 % for the 8 cm cat phantom, and between 6.1 % and
24.5 % for the 16 cm dog phantom.
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Table 6.4 Mean dose to skin, bone, brain and the lesion, and percentage volume below 10 % of the skin entrance dose for
unidirectional irradiation.

Microbeam Beam Volume Under

Phantom Array spacin width Mean Doseto  Mean Doseto  Mean Dose to Mean Dose to  10% of Peak
Size pacing Bone (%) Skin (%) Lesion (%) Brain (%) Entrance Dose
(um)  (um) (%)
2 cm 4x4 mm’ 100 25 28.59+0.06 14.40+0.03 15.10+0.02 15.17+0.02  59.29+0.10
Mouse 50  47.45+0.01 23.99+0.06 24.77£0.04  24.89+0.04 2537+0.35
Head 75 66.10+£0.19 33.43+0.10 3432+0.06  34.49+0.06 2.41+0.01
200 25 14.15+0.03 7.12+0.02 7.47+0.01 7.51+0.01 78.29 £0.04
50  23.68+0.06 11.97+0.03 12.36+0.02 12.42+0.02  65.26 +0.06
75 33.34+0.10 16.86+0.05 17.32+0.03 17.41+0.03  52.64+0.12
400 25 6.84+0.01 3.44+0.01 3.61+0.01 3.63+£0.01 87.08 £0.01
50 11.47+0.03 5.80+0.01 5.99+0.01 6.02+0.01 80.95 +0.04
75 16.19+0.05 8.19+0.02 8.42+0.02 8.46+£0.02  75.10£0.03
8 cm Cat 5 100 25 20.24+0.07 10.34+0.03 8.04+0.02 8.76+0.02  69.52 +0.08
Head 4x4 mm 50  33.22+0.01 17.04+0.07 13.04+0.03 14.21+0.04  41.25+0.23
75  45.78+0.02 23.49+0.01 17.89+0.05 19.49+0.06 12.11+0.18
200 25 10.09+0.03 5.15+0.02 4.01+0.01 4.37+0.01 85.39 £ 0.04
50 16.76+0.07 8.59+0.04 6.58+0.02 7.17+£0.02  72.55+0.04
75  23.43+0.01 12.01+0.06 9.16+0.03 9.98+0.03  59.86 +0.07
400 25 4.90+0.02 2.49+0.01 1.943+0.005  2.12+0.00  93.02 +0.02
50 8.17+0.04 4.18+0.02 3.21+0.01 3.49+0.01 86.92 +0.03
75 11.48+0.06 5.87+0.03 4.48+0.01 4.89+0.02  80.90+0.02
8cm Cat  16x16 100 25 22.02+0.07 10.72+0.03 8.57+0.02 9.27+0.02  67.03+0.15
Head mm’ 50  35.33+0.01 17.28+0.07 13.61+0.04 14.73+0.04  30.34+0.26
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16 cm Dog
Head

16 cm Dog
Head

4x4 mm>

32x32
mm?

200

400

100

200

400

100

200

400

47.76+0.02

11.33+£0.04
18.56=0.08
23.43+0.01

4.90+0.02
9.42+0.04
13.17£0.07

17.04+0.04
27.86+0.08
38.25+£0.01

8.52+0.02
14.12+£0.04
19.70£0.07

4.14+0.01
6.90+£0.02
9.69+0.04

19.55+£0.04
30.84+0.03
40.96+0.01

10.24+0.02
16.63£0.05
22.75+0.07

5.30+0.01
8.60+0.03
11.93+£0.04

23.38+£0.01

5.51£0.02
9.08+0.04
12.01£0.06

2.49+0.01
4.61+0.02
6.44+0.03

9.52+0.02
15.63£0.05
21.48+0.07

4.75+0.01
7.91+£0.02
11.05+£0.04

2.31+£0.01
3.86+0.01
5.42+0.02

9.92+0.02
15.74+0.04
20.92+0.06

5.19+0.01
8.48+0.03
11.62+0.04

2.69+0.01
4.38+£0.01
6.09+0.02

18.32+£0.05

4.39+0.01
7.12+0.02
9.82+0.03

2.19+0.01
3.60+0.01
5.01+0.02

3.76+0.01
6.08+0.01
8.30+0.02

1.877+0.003
3.08+0.01
4.27+0.01

0.912+0.003
1.50+0.01
2.10+0.01

4.26+0.07
6.66+0.01
8.81+£0.02

2.230+0.004
3.59+0.01
4.89+0.01

1.135+0.002
1.854+0.004
2.56+0.01

19.83+£0.06

4.75+0.01
7.71+0.02
10.63+0.03

2.37+0.01
3.89+0.01
5.42+0.02

4.94+0.01
7.99+0.02
10.91+0.03

2.468+0.004

4.05+0.01
5.62+0.01

1.199+0.002
1.978+0.004

2.76+0.01

5.94+0.01
9.29+0.02
12.29+0.02

3.11+0.01
5.01+0.01
6.83+0.01

1.584+0.003
2.59+0.01
3.58+0.01

6.20+0.16

84.51 £ 0.04
70.66 = 0.08
56.50+0.13

92.48 +0.02
85.88 £0.03
79.33 +£0.04

80.43 £0.13
61.26+0.13
40.83 £0.20

90.58 £0.03
81.57£0.08
72.52+0.11

95.51 £0.02
91.19£0.03
86.91 £ 0.06

78.35+0.08
52.57+0.08
32.85+0.17

89.86 £0.15
79.75 £ 0.07
69.11 £ 0.07

95.06 £ 0.01
90.30 +£0.03
85.52 £ 0.08
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6.3.2.3 Percentage volume below threshold

The percentage of the volume (in the path of the microbeam array) that has a dose below
a certain threshold—chosen arbitrarily as 10 % of the entrance skin dose—is reported in
Table 6.4. With increasing c-t-¢c spacing and decreasing microbeam width (i.e.
decreasing ratio of width/spacing), which corresponds to more pronounced spatial
fractionation and a lower mean dose, the percentage of the volume below the dose
threshold increases. Furthermore, since the dose threshold is defined with respect to the
entrance dose, the percentage volume below threshold also increases with increasing
phantom size, due to the larger irradiated volume being exposed to an increasingly
attenuated beam: for the 2 cm mouse phantom the range of values for the different
collimation configurations is 2.4-87.1 %, for the 8 cm cat phantom it is 6.2-93.0 % and
for the largest 16 cm dog phantom it is 32.8-95.5 %. When the ratio of the microbeam
width to c-t-c spacing is less than or equal to 0.25, the percentage of the volume receiving
less than the 10 % dose threshold was at minimum 59 %, 67 % and 78 % in the 2 cm
mouse, 8 cm cat and 16 cm dog phantoms, respectively. Treating with larger array sizes
(for the same phantom) tends to decrease the value of this metric, but the magnitude of
the effect is only appreciable for the widest microbeams and smallest spacings. In going
from a 4 x 4mm” to a 16 x 16mm” array in the 8 cm cat phantom, a 49 % decrease from
12.1 % to 6.2 % is observed for the 75 um width/100 pm spacing; however, for the seven
collimation configurations where the width/spacing ratio is less than 0.5, the relative
decrease is not more than 6 %. In general, extremely low values of the percentage
volume below threshold are derived for the simulations performed with the 100 pum
spacing: all values below 50 % (for unidirectional irradiations) were obtained with this
spacing, and volumes below 15 % were observed with this spacing and the 75 pm wide
beams in the 2 cm mouse and 8 cm cat phantoms. This low volume indicates a more
uniform coverage of the volume, which is desirable for tumour control, but not for
normal tissue sparing. When considering the entire brain, and not just the volume
intersected by the path of the beam, the percentage volume below this 10 % threshold

was above 95 % in the 2 cm mouse phantom, above 96 % in the 8 cm cat phantom and
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above 97 % in the 16 cm dog phantom, with most geometries resulting in fractional

volumes greater than 99 %.

- - 0.9
400 o 8 50.8
- - 70.7
\E:} 800 - 8%-0.6
IS H0.5
.‘%’

S 1200 1-0.4
0.3
1600 850.2
0.1

2000 400 800 1200 1600 2000

Depth (um)

Figure 6.6 Dose distribution in a 2 mm x 2 mm cross-fired region of the 2 cm
mouse head phantom for a microbeam width of 50 um and a spacing of 400 um
c-t-c.

6.3.3 Dose volume metrics for cross-fired irradiation

An example of the simulated CF dose in the 2 cm mouse head phantom is depicted in Fig.
6.6. The percent peak depth dose curve through the 2 cm mouse phantom including a CF
array along a microbeam path is shown in Fig. 6.7. The elevated dose in the center of the
phantom (alternating with low doses) is due to the intersecting beams at the center of the
phantom. The sharp dose profile is due to sampling the dose at only the midpoint of the
peaks and valleys. The PVDR and PMVDR are listed in Table 6.5. The CF geometry
causes the PVDR and PMVDR to be reduced by nearly half since the valley dose is
approximately doubled, while the peak dose remains nearly the same, which is desirable
for tumour control. The PVDR and PMVDR have a similar relationship as was discussed
in Section 6.3.2.1, namely the PMVDR varies much more slowly than the PVDR with c-

t-c spacing and beam width.
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Figure 6.7 The percent depth dose curve for the cross-fired 2 cm mouse head
phantom along a microbeam path (peak dose) for a microbeam width of 50 um
and a spacing of 400 um c-t-c. The elevated dose in the center of the head
phantom (which alternates with low dose) is due to the cross-fired array incident
from an orthogonal direction.

The mean dose in the lesion (Table 6.5) increases by a factor of approximately 2
between the unidirectional and CF geometries. The error is not included in the table
because it is less than 0.01 % for all cases. Higher mean doses occurred for increased
microbeam widths and decreased microbeam spacing. This increase is clinically
significant and could be enhanced even more by cross-firing from several angles. Figure
6.8 shows that adding a second CF array will enhance the dose at the center of a large
animal head to a level that is much more comparable to the dose delivered
unidirectionally in a small animal (mouse or rat) head, shown in the past to be
biologically effective.”'® Adding a second orthogonal array also significantly decreases
the percentage volume less than 10 % of the entrance dose in the lesion (Table 6.5) for
certain geometries. The percentage volume was as low as 0 % for the widest beams and
closest spacings, but nearly 90 % for the narrowest beams and widest spacings. The
increase in mean dose and decrease in volume below the threshold are advantageous for
tumour control since the intersection of the CF beams only occurs in the region of the

tumour.
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Figure 6.8 Ratio of lesion to skin mean dose for both unidirectional irradiation
(squares) and for cross-fired irradiation (circles). The nine points for a given

phantom/irradiation geometry

each correspond

to

a c-t-c/beam width

combination, and are plotted in the same sequence as presented in Table 6.4.

218



Table 6.5 PVDR, PMVDR, the mean dose to the lesion, and the percentage volume of the lesion below 10 % of the skin entrance
dose are shown here for the cross-fired geometry.

Cross-fired Microbeam  Beam Mean Dose  Volume of Lesion
Phantom Ar?‘esls-SiZe spacing width PVDR PMVDR to Under 10% of Peak
Y (um) (pm) Lesion (%) Entrance Dose (%)
2 cm Mouse 4x4x4 mm’ 100 25 10.67+0.13 4.538+0.009 30.94 18.04£0.24
Head 50 5.47+0.10 2.819+0.009 50.74 0.00+0.00
75 3.14+0.07 1.838+0.010 70.30 0.00+0.00
200 25 40.60+0.27 9.640+0.011 15.67 63.06+£0.10
50 21.13+0.20 6.662+0.010 25.90 38.38 £0.13
75 13.64+0.16 5.359+0.010 36.28 18.28 £0.11
400 25 115.66+0.62 20.055+0.014 7.89 81.71+£0.05
50 62.45+0.45 14.534+0.013 13.07 68.81 £0.07
75 43.07+£0.38 12.412+0.012 18.36 57.40+£0.07
8 cm Cat Head  4x4x4 mm’ 100 25 10.35+£0.19 4.436+0.013 16.48 43.01+0.19
50 5.35+£0.14 2.768+0.013 26.72 6.38+0.33
75 3.13+£0.10 1.818+0.014 36.65 0.00+0.00
200 25 36.13+0.37 9.365+0.016 8.40 71.24+£0.07
50 19.08+0.26 6.457+0.014 13.78 49.53 +£0.06
75 12.46+0.21 5.181+0.014 19.18 31.75+0.11
400 25 97.20+0.72 19.386+0.020 4.25 85.35+0.04
50 52.96+0.54 13.957+0.017 6.99 73.49 £ 0.08
75 36.46+0.43 11.813+0.016 9.76 62.34+£0.08
8 cm Cat Head 16x16x16 mm’ 100 25 7.07+0.13 3.734+0.011 17.63 33.83+0.27
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16 cm Dog
Head

16 cm Dog
Head

4x4x4 mm’>

32x32x32 mm®

200

400

100

200

400

100

200

400

50
75

25
50
75

25
50
75

25
50
75

25
50
75

25
50

25
50

25
50

25
50
75

3.92+0.09
2.51+£0.08

18.73+0.20
10.29+0.15
7.10+£0.12

42.65+0.35
23.38+0.26
16.31+0.22

10.17+0.21
5.30+0.17
3.01+£0.12

34.13+£0.44
17.90+0.32
11.77+0.26

93.63+0.86
51.70+£0.64
35.00+0.52

5.73+£0.12
3.35+£0.10
2.27+0.08

13.50+0.18
7.67+0.14
5.43+0.12

28.95+£0.30
16.03+0.22
11.32+0.19

2.399+0.010
1.667+£0.012

7.504+0.012
5.070£0.011
4.016+0.010

15.127+0.016
10.397+0.013
8.419+0.011

4.360+0.016
2.736+0.016
1.796+0.017

9.182+0.037
6.350+0.017
5.089+0.017

18.980+0.025
13.687+0.021
11.559+0.020

3.329+0.012
2.190+£0.012
1.578+0.014

6.473+0.013
4.371+0.011
3.466+0.011

12.797+0.017
8.656+0.013
6.900+0.011

28.00
37.71

9.13
14.81
20.41

4.65
7.61
10.59

7.19
11.63
15.88

3.68
6.02
8.36

1.86
3.06
4.27

8.51
13.29
17.58

4.47
7.19
9.80

2.29
3.74
5.17

0.00 £0.00
0.00 £0.00

69.68 £ 0.09
45.53+£0.17
22.74£0.25

85.00 £0.03
72.67 £0.07
61.27+0.08

54.34£0.02
22.12£0.06
3.26 £0.06

75.58 £0.00
54.63 £0.01
37.08 £0.01

87.36 £0.00
75.63 £0.01
64.75 £0.01

51.93 £0.06
15.51+0.15
0.05+£0.00

75.11+0.02
53.71+0.03
35.55+£0.05

87.34+£0.01
75.46 £ 0.02
64.49 +£0.02
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6.4 Discussion

This study stresses the relationships among absolute dimensions of, and doses to, targeted
lesions and normal tissues proximal to those lesions at various depths in large and small

animals—both in the paths of the microbeams and in between them. When considering

the 4 x 4 mm? array of unidirectional irradiation, the PVDR ranges between 5 and 230 in
the smallest phantom and between 5 and 186 in the largest phantom, with the largest
values corresponding to collimation configurations with the narrowest beams and largest
c-t-c spacings. The decrease in PVDR between the small 2 cm mouse and large 16 cm
dog phantoms when using the 4 x 4 mm?” array to treat small targets varies between 4 %
and 19 %, with the effect of phantom size becoming more pronounced as c-t-c spacing
increases. When larger targets (32 x 32 mm?) are treated in the largest phantom, PVDR
reductions of between 36 % and 74 % are calculated, depending on the collimation
configuration. The decrease in PVDR with increasing array size is largest for larger
phantoms (i.e. greater depths), narrower microbeams and larger spacings, with the c-t-c
spacing again having the largest impact. These changes in the PVDR are primarily due to
the increases in the valley dose between the microbeams. Since the valley dose is an

10,12 .
7 any increase must be carefully

important consideration for toxicity of the treatment,
controlled. Our PVDR results are consistent with previously published values,
suggesting that the beam spectrum at the CLS is suitable for MRT research.

The PVDR has been useful in comparing MRT dose distributions, but is limited
by its nature as a point dose metric. Since more detailed modeling/metrics are needed to
accurately predict tumour control and normal tissue complications for MRT, a number of
new dose-volume metrics have been studied in this work: the PMVDR, the mean dose
and the percentage volume below a dose threshold. The PMVDR has the same general
geometrical dependence as the PVDR (decreases with increasing microbeam width and
decreasing microbeam spacing), but changes less rapidly with these parameters than the
PVDR. Therefore, the PMVDR would predict a different relationship between MRT
geometry and biological outcome. When cross- firing is introduced, both the PVDR and

PMVDR are nearly halved, but display the same trends as seen for unidirectional

221



irradiation. The mean doses (calculated only including the tissue volume along the path
of the microbeam array) in skin, brain and the central lesions are all very similar in the 2
cm mouse phantom, while the bone receives roughly double the dose to the soft tissue.
One interesting possibility is that, in addition to pediatric brain tumors,” disease in bone
(e.g. skull bone and vertebrae) may be an interesting potential primary target for MRT
because of this high absorption and the extremely sharp lateral dose falloff that could be
exploited to protect a sensitive organ such as the brain or spinal cord. An additional
advantage in this case may be the increased relative biological effect in bone due to
photoelectron-Auger cascades produced at the x-ray energies used for MRT.* As the
size of the phantom increases, the dose to the soft tissues becomes less uniform, with the
lesion dose being reduced relative to the skin and brain. For a 50 um beam and 400 pm

c-t-c spacing, the mean lesion and brain doses are 78 % and 93 %, respectively, of the
mean skin dose for the 8§ cm cat head phantom (16 x 16 mm? array), and 42 % and 72 %

for the 16 cm dog head (32 x 32 mm? array). The reduction in mean lesion dose in the 16
cm dog phantom is thus considerable. However, the use of cross-firing arrays
approximately doubles the mean dose to the lesion in the intersecting regions for the
same mean skin dose, which may make irradiation of these larger animals feasible. The
percentage volume below 10 % of the peak entrance dose to skin increased with
increasing phantom size, increasing spacing, decreasing microbeam width and for smaller
array sizes. Addition of a second orthogonal array led to the value of this metric in the
lesion to as little as 0 % for some of the largest microbeam width/smallest c-t-c spacing
combinations, which is advantageous for tumour control.

As mentioned in Section 6.2.1, in starting our simulations at the surface of the
phantom, we did not incorporate the effects of source size, beam divergence, nor did we
perform explicit modeling of the MRT collimator. Although many previous MRT Monte
Carlo studies have used a similar simplified geometry, Nettelbeck et al. (2009)*° and
Martinez-Rovira ef al. (2012)* have performed investigations with a more complete
simulation geometry. The limitations of the simplified approach are highlighted by
Nettelbeck et al. who showed that including beam divergence, a finite source size and the
multi-slit collimator will all increase penumbral dose, and decrease the dose at the edges

of a microbeam.”” They also showed that including beam divergence will increase the
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dose in the valley. These effects would be expected to change the absolute values of the
dose-volume metrics, e.g. reducing the PVDR and PMVDR. Since the figures in
Nettelbeck et al. suggest that beam divergence has the most profound impact on the
shape of the microbeam profiles, we used the information in Fig. 3(b) of their work™ to
estimate the approximate change in our PVDR and PMVDR values that might result from
incorporating a more complete geometric modeling in our simulations. This was done by
using their plotted ratio of the doses with and without beam divergence as a function of
lateral displacement from the center of a 50 um wide microbeam to scale our dose
profiles. Considering unidirectional irradiation in the 2 cm mouse and 16 cm dog heads,
the PVDR was decreased between 0 % and 9 % between our original results and those
including divergence, while the reduction in PMVDR was greater at between 5 % and 16
%, with the largest change of 16 % occurring for the smallest 100 um c-t-c spacing and in
the 2 cm mouse phantom. For CF irradiation in the 2 cm mouse head phantom, the
impact of beam divergence was smaller, with a decrease of not more than 5 % in PVDR
and not more than 8 % in PMVDR. These changes in the PVDR and PMVDR metrics,
though not negligible, do suggest that the trends in the metrics we have attempted to
elucidate in this study would not essentially change if a more complex modeling of the
geometry would have been undertaken in the simulations.

The PMVDR, mean dose and percentage volume below a given threshold offer
improvement over the PVDR because they progress from a point dose metric to a
volumetric measure, which better considers the dose-volume relationship that MRT relies
on. It still remains to be proven whether any of these metrics will offer improved
prediction of clinical outcome with respect to a given MRT dose distribution. We hope
to use future biological studies to correlate dose-volume metrics evaluated for a given
MRT dose distribution to biological outcome to refine these metrics. Systematic studies
are needed to determine the effect of individual parameters (i.e. microbeam width,
microbeam spacing, peak dose, valley dose, efc.) on tissue toxicity and for reducing
tumour size. We suggest that extensive cellular studies are done to determine the
geometries and doses that would be most informative for the more complicated animal
studies. The vascular response is certainly of importance for the biological effect of

radiotherapy in general and for MRT in particular, but can of course only be studied in
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vivo. A compilation and re-examination of existing animal data in terms of new metrics
may also shed light on the best method of scoring MRT dose distributions. We hope that
these studies can also further the understanding of the effects of inhomogeneous dose
distributions on tumours and critical organs as applied to more conventional radiotherapy

modalities.
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7 HUMAN CELL CULTURE RESPONSE TO
SYNCHROTRON-GENERATED MICROBEAMS USING
vyH2AX FLUORESCENCE

A version of this chapter has been published in two articles:

D. L. Anderson, R. Mirzayans, B. Andrais, E. A. Siegbahn, B. G. Fallone and B.
Warkentin, “Spatial and temporal distribution of yH2AX fluorescence in human cell
cultures following synchrotron-generated X-ray microbeams: lack of correlation
between persistent yH2AX foci and apoptosis,” J. Synch. Rad. 21, 801-810 (2014).

D. Anderson, B. Andrais, R. Mirzayans, E. A. Siegbahn, B. G. Fallone and B. Warkentin,
“Comparison of two methods for measuring y-H2AX nuclear fluorescence as a

marker of DNA damage in cultured human cells: applications for microbeam
radiation therapy,” J. Inst. 8, C06008 (2013).

7.1 Introduction

The mechanisms underlying the biological responses to high-dose microbeams are
complex and not yet fully understood. The results for an animal study by Crosbie et al.
have suggested that the differential responses between normal (skin) and cancerous
(mammary) tissues might reflect differences at cellular levels in terms of DNA double-
strand break (DSB) repair and apoptotic cell death.! The yH2AX assay, a widely used
biomarker of DSBs that are detected by the cell,”® has been instrumental in measuring
DNA damage after microbeam irradiation in various mammalian cell types both in vitro
and in vivo."”” Studies with different types of ionizing radiation (e.g., ®*Co y rays) have
demonstrated that yH2AX foci detected at early times (~30 min) after irradiation almost
exclusively reflect DSBs, whereas foci detected at late times (>24 h) post-irradiation are

. . . 10,11
associated with different responses;

these include: (i) nuclear fragmentation which is
a hallmark of cells undergoing apoptosis; and (ii) persistent DSBs in cells undergoing
“permanent” growth arrest which resembles replicative senescence.

In this chapter we describe our semi-automated method of quantifying YH2AX
fluorescence within cell nuclei after irradiation, and use this method to assess the
responses triggered by high-dose synchrotron microbeam irradiations of varying
geometry in cultured normal human fibroblasts and malignant glioma cells (hereafter

NHFs and MGCs, respectively). The method of analyzing yYH2AX immunofluorescence
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images was evaluated using NHFs uniformly irradiated with gamma radiation from a
%Co irradiator at the Cross Cancer Institute in Edmonton. The experiments to assess the
response of NHFs and MGCs to microbeam irradiations were conducted on the
Biomedical Imaging and Therapy (BMIT) 05B1-1 beamline at the Canadian Light Source
(CLS). Our studies employed immunofluorescence assays that could be performed with
methanol-fixed samples to facilitate processing and microscopic evaluation at our
laboratory in Edmonton. The YH2AX immunofluorescence assay coupled with nuclear
counterstaining with DAPI (4',6-diamidino-2-phenylindole) was used to measure DNA
damage and morphological changes associated with apoptotic cell death (i.e. nuclear
fragmentation) as a function of time after irradiation and beam geometry. Our results
provide new insights into microbeam-triggered YH2AX formation, rates of yH2AX

clearance and biological outcome (lethality versus growth arrest) in cultured human cells.

7.2 Background

7.2.1 DNA structure and double stand breaks

Deoxyribonucleic acid (DNA) is a double stranded molecule. Each strand consists of a
sugar-phosphate backbone, and a series of bases attached to the sugar (deoxyribose).
There are four possible bases: adenine, cytosine, thymine and guanine. The order of
these bases determines the genetic code. The complementary strands are held together by
hydrogen bonding between complementary bases (adenine pairs with thymine, and
cytosine pairs with guanine). The two strands are coiled in a double helix. This double
helix is packaged with proteins to reduce its length and form chromatin. The double
helix is wound around an octamer of proteins called histones. Each octamer contains two
molecules each of histones H2A, H2B, H3 and H4.> The DNA wraps around the histones
1.7 times to form a nucleosome to give the appearance of beads on a string.’ Higher order
structuring continues to pack the DNA more compactly.'?

Damage to DNA is the principal cause of the biological effects of ionizing
radiation. Ionizing radiation can cause damage to DNA through direct action, when the

atoms of DNA itself are ionized or excited. Alternatively, DNA can be damaged through
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indirect action. In this case, ionizing radiation interacts with another atom or molecule
within the cell to form a free radical (an atom or molecule with an unpaired electron in its
outer shell), and that free radical diffuses toward and damages DNA."? Approximately
two-thirds of x-ray damage to DNA in human cells is caused by the hydroxyl radical
(OH-), which is created after radiation interacts with a water molecule."?

Ionizing radiation can produce many types of damage to DNA: base damage,
sugar damage, single strand breaks (SSBs), DNA-protein crosslinks, DNA-DNA
crosslinks, and double strand breaks (DSBs). A dose of ~ 1 — 2 Gy to mammalian cells
results in approximately 1000 base damages, 1000 SSBs and 40 DSBs.'> SSBs can be
rapidly repaired by using the undamaged complementary strand as a template.'” DSBs
can lead to cell killing, growth arrest, mutation and/or carcinogenesis if not repaired

properly.'?

7.2.2  Double strand break signaling and repair

Many DNA lesions are produced every day as a result of replication errors, chemical
decay of the bases, interactions with reactive oxygen species, or exposure to ionizing
radiation.'? Cells have developed specific pathways to repair the various types of damage
(Fig. 7.1)."* A cell recognizes DNA DSBs via sensor proteins. Transducer proteins are
then recruited to the lesion. These transducers may play a role in gathering DNA repair
molecules and/or relay signals to effector proteins. Ataxia telangiectasia mutated (ATM)
is a protein kinase, and is an important transducer in the DNA damage response.'’ ATM
is involved in signalling to the DNA repair molecules, molecules involved cell death and
growth arrest, as well as activating cell cycle checkpoints.'> ATM transmits these signals
through the phosphorylation of different targets (e.g. p53, checkpoint kinase 2 (CHK2),
and H2AX, an H2A histone variant''). Other protein kinases similar to ATM are also

involved in signalling following DNA damage.'"'?

The molecules phosphorylated by the
transducer proteins are referred to as effector proteins, and they are responsible for
various responses, including DNA repair processes, activation of cell cycle checkpoints,

apoptosis, and growth arrest (senescence) (Fig. 7.1).
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Figure 7.1 The DNA damage response signalling induced by ionizing radiation.
DSBs are first detected by sensors that recognize the DNA lesion itself or
chromatin alterations caused by DSBs. Next, transducers (e.g., ATM) are
recruited to the damage site and convey the DSB signal to the effectors.
Effector proteins (e.g., p53) then activate DNA repair mechanisms and cell
cycle checkpoints to facilitate repair. DNA lesions that are left unrepaired
or are not repaired properly may lead to biological changes such as
apoptosis, growth arrest, mutagenesis and malignant transformation.

After the DSBs are detected and repair factors are recruited to the damaged sites
in the genome (e.g., by YH2AX foci; see below), their repair is carried out by two well-
studied mechanisms: nonhomologous end-joining (NHEJ) and homologous
recombination repair (HRR). The NHEJ pathway occurs predominantly in the G1 phase
of the cell cycle, when there is only one copy of the cell’s DNA, and thus no template for
DSB repair.'” In this pathway, the ends of the DNA breaks are linked together with
minimal processing. NHEJ is fast, but error prone.'”” In HRR, the undamaged
homologous chromosome serves as a template for repair, and thus occurs predominantly
in the late S phase and G2 phase of the cell cycle.'” The more complex HRR is an error-

12
free process.

7.2.3 Therole of H2AX in the cell’s DNA damage response

As mentioned above, the phosphorylation of the H2A histone variant H2AX on Ser139
by ATM or other phosphoinositide 3-kinase-related protein kinases (PIKKs) is an
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important early event in the response of a cell to ionizing radiation and other genotoxic
events that cause DSBs (Fig. 7.2).7>'"'*!* H2A makes up ~ 2 — 20 % of the H2A
histones in human cells, depending on cell type.>'>"> After phosphorylation, the histone
is referred to as a yH2AX. Hundreds or thousands of H2AX on either side of a DSB are
phosphorylated and create YH2AX foci; each focus corresponds to about 2 million base
pairs in the DNA.>? The phosphorylation of H2AX in response to DNA damage plays
many roles in the cellular response. The extensive phosphorylation over a large portion
of chromatin around a DSB acts as an amplification of the original DNA damage

- 5
signal.'*!

The yH2AX foci are thought to serve as scaffolding for the sustained
recruitment of factors involved in DNA repair, including p21,'® and thus promote DSB
repair.>'*!'" There is also evidence that yH2AX is involved in the physical remodelling
of chromatin around a DSB to maintain close proximity of the two broken strands, and
thus facilitate end joining, and concentrate repair factors at the lesion.™'* If H2AX is
absent from mice cells, the cells show an increase in radiosensitivity and decrease in their
ability to repair DSBs."> Other functions of the phosphorylated H2AX involve the G2
cell cycle checkpoint, recruitment of repair factors in HRR, and to act as a chromatin
anchor."

Following repair of DSBs, the DNA damage response must be reset to the
constitutive (pre-irradiation) state to allow the cell to re-enter the cell cycle. After the
initial exposure to ionizing radiation, YH2AX foci gradually disappear as a function of
time post-irradiation. Dephosphorylation of YH2AX via phosphatases and removal of
yH2AX from the chromatin have been reported to contribute to foci clearance.'”'” The
principal phosphatase that dephosphorylates YH2AX in response to ionization radiation is
WIP1 (wild-type p53-induced phosphatase 1), which functions downstream in the ATM-
p53 signaling (Fig. 7.2).'""® In addition to yH2AX, WIP1 dephosphorylates other DNA
damage response factors (e.g., ATM, Chkl, Chk2, p53), and thus contributes to the

“deactivation” of the DNA damage response machinery.'’
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Figure 7.2 A model of the DNA damage response to genotoxic stress (e.g.,
radiation-induced DSBs) showing the relationships between certain proteins
involved in DNA damage response (p53, YH2AX, p21, WIP1) and biological
outcomes. Black arrows indicate stimulation, and red T-shaped lines indicate
inhibition. Reproduced from Mirzayans et al. (2015) with author permission. '’

7.2.4 yH2AX detection and quantification

The detection of YH2AX foci is possible through the use of a YH2AX-specific antibody
and immunostaining techniques. A fluorescence tag can be applied, and the individual
foci (composed of hundreds or thousands of yYH2AX histones) visualized using
immunofluorescence microscopy.” Alternatively, the total fluorescence in the cell can be
measured using flow cytometry.”” At early times after DNA damage, there is evidence
that YH2AX foci are associated with DSBs with nearly a one-to-one ratio.”'>'>'"  This
method of DNA DSB identification offers orders of magnitude of improvement in
sensitivity over alternative methods - a single YH2AX focus (thought to correspond to a
single DSB) can be visualized.”” Other useful features of YH2AX as a method of
measuring DNA damage include in sifu detection, relatively straight-forward
quantification, physical localization of the DSBs, and a relatively large dynamic range."’
Due to these characteristics, the quantification of YH2AX foci through immunostaining

has become a widely used marker of DSBs that are detected by the cell.”
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There are approximately 20 — 40 DSBs per cell per Gy of x-rays, and the DSB
count increases linearly with dose.” A similar linearity in the number of yH2AX foci

15,20

with dose has been observed over a limited dose range. Neumaier et al. detected a

' The lowest dose at which foci

higher rate of foci appearance per Gy with lower doses.”
are detectable depends on the background foci level, which in turn depends on the cell
type.”” The maximum dose at which individual foci can be scored is limited because the
foci eventually overlap and cannot be discriminated. After exposure to ionizing

13,15

radiation, YH2AX foci can be detected within minutes after irradiation. The number

of phosphorylated H2AX increases with time until a plateau is reached at approximately

2,13

10 — 30 min after exposure. The foci are initially small, grow with time and intensity

after irradiation, and eventually stabilize.*"

More persistent breaks lead to larger
yH2AX foci and a higher concentration of repair factors.” Additionally, higher doses
result in more intense YH2AX foci that form faster than foci at lower doses.’

The presence of DNA DSBs falls off exponentially with time following their
creation.”’ The clearance of yYH2AX foci with time is associated with DSB rejoining."
The number of foci decrease rapidly to about 50% of the initial level within 1 hour,

followed by a slower decline.”

Rothkamm and Lobrich reported that in both repair-
proficient (MRC-5) and repair-deficient (180BR) human skin fibroblast cultures, the loss
of foci closely resembles the kinetics of DSB rejoining, suggesting that the rate of
yH2AX clearance is similar (if not identical) to the rate of DSB rejoining.*’ Other studies
do not support this notion. Suzuki et al., for example, demonstrated that the rate of
yH2AX clearance in normal fibroblasts is much slower than the rate of DSB rejoining.”
It is now understood that the rate of YH2AX clearance post-irradiation depends not only
on the rate of DSB rejoining, but also the status of the WIP1 and probably other
phosphatases.'®!!

The YH2AX assay offers a number of useful features, as described above.
However, the conventional method of evaluation of YH2AX stained cells by manual
counting of the nuclear foci is limited by two important factors. First, the analysis is
extremely tedious, time consuming, and operator dependent, which limits the throughput

of a large number of samples. Second, exposure to radiation doses greater than ~ 1 Gy

results in a high degree of overlap between the majority of YH2AX foci,” thus severely
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hampering the enumeration of individual foci. This limits the measurement of YH2AX
foci to estimate the initial yield of DSBs at early times after irradiation (0.5 h) to

relatively low doses (< 5 Gy).**?’

An alternative approach, the scoring of total
fluorescence as opposed to individual foci, has advantages. This quantification is much
faster than foci counting, and although it is less sensitive than counting individual foci, it
is approximately linear with dose till ~ 100 Gy.* There have been studies indicating that
there is a linearity between foci count and total fluorescence as measured through flow

829 However, others claim the total fluorescence change lags behind changes

cytometry.
in foci numbers, which is most strongly linked to the change in individual foci intensity
with time."> Additionally, the quantification of total phosphorylation versus individual
foci will not differentiate between YH2AX foci caused by DSBs, versus yH2AX

fluorescence initiated by other sources.

7.2.5 Radiation-induced cell death and growth arrest mechanisms

There are several types of cell death mechanisms that contribute to the loss of clonogenic
survival following exposure to ionizing radiation (i.e., failure of a single cell to multiply
several times to form a colony of at least 50 cells within approximately two weeks post-
irradiation). Apoptosis and necrosis are the most extensively studied death mechanisms.
Apoptosis is a genetically-regulated response which can be identified through a series of
morphologic changes: the cells round up and detach from their neighbours; the
chromatin condenses and the nuclear envelope fragments; and the cell shrinks further and
breaks apart into nuclear-bound fragments called apoptotic bodies (Fig. 7.3).'*°
Apoptosis can be initiated through either the intrinsic (mitochondrial) or extrinsic
(receptors on cell membrane surface) pathway, but both involve the activation of
caspases.'*" Necrosis, on the other hand, is a passive mode (not genetically regulated)
of cell death that most commonly occurs after high doses of ionizing radiation (although
a genetically controlled type of necrosis has been identified’"). It involves cell swelling,

disintegration of organelles and the cell membrane, random fragmentation of the DNA,

. . . . 32
protein denaturation and release of cytoxic materials.
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Figure 7.3 Representative images of DAPI-stained cancer cells exposed to
ionizing radiation (4 Gy) and incubated for 48 h. Arrows mark some of the small
subset of cells with apoptotic morphology. The top two panels are the same
image at different magnifications. Reproduced from Mirzayans ef al. (2015) with
author permission.'’

As extensively reviewed by Mirzayans ef al.,''”’

in some cell types, including
human skin fibroblasts and solid cancer-derived cells, the primary response triggered by
moderate (clinically relevant) doses of ionizing radiation and other cancer therapeutic
agents is growth arrest (which would incorrectly be assumed to reflect “death” in the
clonogenic assay) and not lethality. The tumour suppressor proteins p53, p21V A" (p21)

6INK4a

and pl (pl6) play important roles in suppressing death and triggering stress-

induced premature senescence (SIPS) in some cell types such as skin fibroblasts and

epithelial cells within solid cancers.''****

Radiation-induced growth arrest in p53 wild-
type cells is due to p53-mediated upregulation of p21, which blocks apoptosis and
induces SIPS (Fig. 7.2); this response is often reversible and contributes to cancer
recurrence through a process called induced endopolyploidy-stemness.”® The growth
arrest in p53-deficient but pl6-proficient cells is due to upregulation of p16 which, like
p21, also suppresses apoptosis and induces SIPS.*” The growth arrest in cells that do not
upregulate p21 and p16 is due to multinucleation which is proven to be reversible and to
contribute to cancer recurrence through the endopolyploidy-stemness process.’”** In this
process, multinucleated giant cells ultimately give rise to rapidly growth progeny which
have stem cell-like properties (i.e., rapidly repopulate the tumour).***’

In short, it is now well established that growth arrested cancer cells that do not

form macroscopic colonies (each colony containing at least 50 cells) in response to
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moderate doses of ionizing radiation (<10 Gy) are not necessarily dead, and have the
ability to give rise to stem cell-like progeny, and hence, contribute to radiotherapy failure.
This raises an intriguing question as to whether irradiation with very high radiation doses
that can be achieved by synchrotron radiation can promote cancer death (e.g., through
apoptosis), or would still trigger growth arrest. The results reported in this chapter

support the latter response for the cell types under study.

7.3 Materials and methods

7.3.1 Cells and culture conditions

The GM10 normal human fibroblast strain and the p53 wild-type A172 malignant glioma
cell line were cultured as monolayers in DMEM/F12 medium supplemented with 10%
(vol/vol) fetal bovine serum, 1 mML-glutamine, 100 IU/ml penicillin G, and 100 mg/ml

streptomycin sulphate in a humidified incubator under standard conditions (37 °C, 5%

CO,). For experiments, cells were plated in 150 mm tissue culture dishes (2 x 10°
cells/30 ml medium/dish) containing 25 x 75 mm sterile microscope slides, and then
incubated for two days; under these conditions, cultures of both cell types reached 95—
100% confluency (i.e., the proportion of surface covered by cells) prior to irradiation.
For the samples to be irradiated at the CLS, the slides were placed in 50 ml tubes filled
with fresh growth medium; the tubes were tightly sealed and then transported between a

cell culture laboratory at the University of Saskatchewan and the CLS.

7.3.2  X-ray source and irradiation conditions

For the experiments used to compare the two methods of quantifying YH2AX
measurement, cell cultures were uniformly irradiated at room temperature. These
cultures were irradiated with ®°Co gamma-rays in a Gammacell 220 unit at a dose rate of
approximately 2.5 Gy/minute. The cells were returned to the incubator immediately

following irradiations. After 30 minutes of incubation, the cells were washed with
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phosphate-buffered saline (PBS) and then fixed and stored in methanol at -20 °C prior to
immunostaining.

A series of cell cultures were also irradiated using microbeam arrays of
synchrotron x-rays. These experiments were performed on the 05B1-1 beamline (Section
2.6.1) at the CLS (Section 2.5). The beam was filtered by 0.934 mm Cu to produce a
beam with a mean energy of 54 keV and a full width at half-maximum (FWHM) of 23.5
keV, as predicted by the SPECTRA software.® The beam profile, theoretical energy
spectrum, and penetrability in water are presented in Sections 3.3.6, 3.3.9 and 3.3.3,

respectively.*

irradiation jig
with media

multislit

collimator &

Figure 7.4 A beam’s eye view of the experimental set-up showing the collimator
that produced the microbeam array and, 1 m downstream, the media-filled
irradiation jig containing a sample. Using motorized stages, the collimator and
jig are centred in the beam before irradiation.

The cell samples, each on an individual microscope slide, were placed in a media-
filled jig that ensured consistent placement of each sample during irradiation (Fig. 7.4).
The medium in the jig was changed approximately every 8 h. The samples were
positioned 26 m from the source, and 1 m from the multi-slit collimator (MSC). Samples
were irradiated with doses of 1.4, 14, 71 or 283 Gy in the microbeam path. In addition,
three conditions for the non-irradiated controls were investigated: samples that remained

in the incubator until fixation; samples that were transported in tubes to the CLS and back
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to the incubator before fixation; and samples that were transported to the CLS and placed
in the irradiation jig containing irradiated medium (but were not themselves exposed to x-
rays) then subsequently transported back to the incubator. Three beam geometries were
considered: (i) an array of 75 microbeams with a centre-to-centre spacing of 400 um, and
each measuring 4 mm tall and 50 um wide; (ii) single microbeams with a height of 4 mm
and widths of 60, 100 or 570 um; and (iii) a broad beam that was 4 mm vertically and 32
mm horizontally. The microbeam array was created using the 8 mm-thick tungsten MSC
(Usinage & Nouvelles Technologies, Moubier, France), while the single microbeams
were created using in-house vertical slits, and the broad beam shape was defined by the
beamline jaws. Cells were incubated for periods of between 0.5 and 72 h post-irradiation
to consider the time evolution of damage.

Following irradiation, for all but the earliest time point of 0.5 h, the samples were
returned to their media-filled tubes and transported back to the cell culture laboratory for
incubation for their prescribed incubation times. The 0.5 h samples were incubated in
medium at room temperature without being returned to the incubator due to time
restrictions. At the appropriate time following irradiation, samples were rinsed with PBS
and fixed in methanol; slides were stored in 100% methanol at -20 °C. Pilot experiments
with ®’Co-irradiated cultures demonstrated that storing cells in methanol for several

weeks post-irradiation does not influence the quality of YH2AX immunostaining.

7.3.3  yH2AX immunostaining and fluorescence imaging

The YH2AX immunostaining procedure was carried out using well-established techniques
that have been published previously.* The fixed cells (on microscope slides) were rinsed
with PBS then incubated for 45 min with a blocking solution consisting of PBS
containing 5% non-fat dry Carnation milk. Subsequently they were incubated with
mouse anti-yH2AX antibody (anti-phospho-histone H2AX, Ser139, clone JBW301;
Millipore, Billerica, MA, USA) for 1 h. The cells underwent 3 x 10 min washes with
PBS containing 0.1% (vol/vol) Tween-20, followed by 60 min incubation with
AlexaFluor 488 goat anti-mouse IgG (Life Technologies, Carlsbad, CA, USA).
Antibodies were diluted (1:100 for YH2AX and 1:250 for AlexaFluor 488) in PBS
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containing 5% non-fat dry milk. Slides were incubated with 170 mL of each antibody on
parafilm for 1 h at room temperature in a humidified dark environment. Following
incubation with the AlexaFluor 488 antibody, the slides were washed for 2 x 10 min with
PBS-Tween-20 and finally 1 x 10min in PBS. DAPI counterstaining was performed to
identify the location of the cells’ nuclei and to visualize nuclear morphology. To this
end, fixed cells on slides were overlaid with a mounting solution (90% glycerol in PBS)
containing DAPI (50 mg ml™), covered with coverslips, and kept in the dark at 4 °C.
Fluorescence microscopy of the immunostained samples was performed using a
Zeiss Axioplan 2 microscope (Zeiss, Jena, Germany) in conjunction with an X-Cite 120
PC fluorescent lamp (EXFO, Quebec, QC, Canada) and suitable filters. A Photometrics
CoolSnap HQ CCD camera (Photometrics, Tuscon, AZ, USA) and Metamorph software
(version 7.7.7.0; Molecular Devices Corporation, Sunnyvale, CA, USA) were used to
capture the immunofluorescence images. Two sets of images were taken over any given
region of interest: (i) a YH2AX image with a 450 — 490 nm band filter (100 or 600 ms
exposure); and (ii)) a DAPI image with a band filter of 350 — 400 nm (20 — 50 ms
exposure). The resultant images have pixel sizes of either 0.64 pm x 0.64 pm or 0.32 pm

% 0.32 um achieved by using a 10X or 20X objective lens, respectively.

7.3.4 Image analysis

Two methods were used to quantify the YH2AX signal from the acquired fluorescent
microscopic images of the uniformly irradiated NHFs. The manual analysis included
first processing of the images in Photoshop to optimize the visualization of foci.
Examples of inverted grayscale images used for manual analysis are shown in Fig. 7.5.
The red, solid circles were placed manually to mark individual foci. The automated
analysis was performed using in-house software code developed in the MATLAB
(MathWorks, Natick, MA, USA) programming environment. First, DAPI images were
used to create a binary mask. This mask was applied to the YH2AX images to isolate the
signal in the nuclei from the background signal outside the nuclei. The YH2AX signal
within the nuclei was averaged and normalized by the area of nuclear material (number of

pixels) contributing to the signal. The average background signal throughout the rest of
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the images was also measured and was subtracted from the mean nuclear signal. At least
200 cells (on duplicate slides) were evaluated for each treatment condition for both

methods of analysis.
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Figure 7.5 Representative immunofluorescence images used for manual foci
counting. A: nucleus of a sham-irradiated (0 Gy) NHF. B-D: Nucleus of a
fibroblast that was exposed to 10 Gy and incubated for 30 minutes. Arrows show
individual YH2AX foci. The red, solid circles in the lower images were placed
manually to mark individual foci.

A similar MATLAB code was used for the semi-automatic analysis of the
microbeam irradiated samples. The code used both DAPI and yYH2AX fluorescence
images to map fluorescence intensity as a function of lateral position (orthogonal to the
beam’s propagation and to the vertical height of the microbeams). The DAPI images
were used to create a binary mask of the DNA material in the image. The mask was
applied to the YH2AX images to separate the fluorescence signal in the nuclei from the
background signal outside the nuclei. The YH2AX fluorescence was integrated in the
vertical direction over a portion of the microbeam’s height (67 um) and normalized by
the amount of nuclear material in each of these vertical regions. This produced a profile
that was fit to a Gaussian curve’’ to determine the mean intensity in the peak (within the
microbeam path), the mean intensity in the valley (between two microbeams) and the
FWHM of the peak region (e.g., Fig. 7.6). In some YH2AX images at late times after

irradiation, the peak and valley regions could not be identified automatically by the
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software. In these situations the peak and valleys were identified by manual inspection of
the image; if still not distinguishable, the fluorescence intensities for both peak and valley

regions were taken as the mean intensity of the image.
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Figure 7.6 The yYH2AX image of MGCs following irradiation with a 283 Gy
microbeam array (left) and the results from the automated quantification of
fluorescence intensity with peak position (right). The plotted results show the
normalized raw fluorescence intensity (FI), the Gaussian fit, the mean peak
intensity, the mean valley intensity, and the FWHM and the region over which
the peak intensity is measured.

Only the automated analysis (supplemented via manual inspection when necessary)
was used to extract spatial patterns of YH2AX distributions from the large number of
slides irradiated. Each datum point reported herein represents the mean and standard
deviation of 15-50 measurements. In addition, high-resolution DAPI images were

inspected manually to assess apoptotic morphology (i.e., nuclear condensation and/or

fragmentation).

7.3.5 Monte Carlo and experimental dosimetry

The dose rate of the open synchrotron x-ray beam in air was determined using a Capintec
PRO6C ionization chamber to be 1.9 Gy/s in air at the maximum storage ring current (250
mA) as described in Chapter 5. The Monte Carlo package PENELOPE®® was used to
estimate the decrease in dose rate when moving from the open beam to a 50 um-wide
microbeam, and to simulate the dose distribution delivered by a microbeam array in a

water phantom. The energy spectrum was calculated using the SPECTRA software®
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(Section 3.3.6) and the characteristics of the CLS storage ring and BMIT 05BI-1
beamline described in Sections 2.5 and 2.6. Monte Carlo simulations were performed as
described in Section 6.2.1 with a single 50 pm-wide 4 mm-tall x-ray microbeam
perpendicularly incident on a water phantom having dimensions of 10.7 cm % 4.8 cm X
12.9 cm, matching those of the medium-filled irradiation jig. The dose distribution was
calculated using 10® histories; a spatial resolution in the depth direction of 1 mm; and a
varying lateral resolution that was 1 um inside and close to the microbeam, and increased

with distance from the microbeam.

7.4 Results

7.4.1 Comparison of quantification methods

Figures 7.5 and 7.7 show representative fluorescence-microscopy images for NHFs
before and 30 minutes after exposure to ionizing radiation. The dose-response increase in
the number of foci per nucleus is clearly visible (Fig. 7.7). Using our manual method of
counting foci, we are able to assess DNA damage up to 10 Gy (Fig. 7.8A). This is a
significantly higher dose than reported in previously published approaches for counting
yH2AX foci.****7 Nevertheless, it is apparent in Fig. 7.7 that at 20 Gy, the clustering of
foci becomes very dense, making it difficult to distinguish individual foci and thus to
count the foci reliably. For this reason, we report quantitative values for the manual
counting method only up to 10 Gy. Figure 7.8A compares the manual method to results
from the automated method based on fluorescence image intensity. The error bars are the
standard deviations of the mean foci per cell, or the mean fluorescence intensity for the
two analysis methods. For ease of comparison, the fluorescence intensity values of the
automated method were normalized to give the same number of equivalent foci per cell at
2 Gy.

One of the potential advantages of the automated method is the ability to
objectively quantify the yYH2AX signal at higher doses than is possible with foci counting.
In Fig. 7.8B, the average raw pixel values in the nuclei are illustrated up to a dose of 20

Gy. While the signal deviates from linearity at 20 Gy, there remains a large increase in
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the intensity value between 10 and 20 Gy. This suggests that useful quantitative
information can be obtained from the automated method for significantly higher doses

yet, through use of a dose-signal calibration curve.

0 Gy

Figure 7.7 Merged DAPI (red) and YH2AX (green) images of the uniformly
irradiated NHFs at two magnifications. Magnified view of the boxed regions are
shown (lower row) for better visualization of the foci.

The major advantage of the automated analysis over the manual method is the
vast increase in speed. Typically a single set of images for a single sample (DAPI and
YH2AX images) of uniformly irradiated cells can be analyzed within seconds irrespective
of the level of DNA damage. In contrast, the manual analysis of a single image is time
consuming, and it becomes particularly tedious and complicated for radiation doses (>2
Gy) that trigger a high frequency of closely spaced DSBs that result in clustered and
overlapping YH2AX foci.” Another significant advantage is that there is no inter-
observer variability, which can occur with the manual method of quantification,
specifically for radiation doses above 2 Gy. The automated method does have
weaknesses, especially at lower doses when counting individual foci is feasible. For
instance, distinctions between true foci and artifacts can be identified by manual
evaluation, but are difficult to automate. Artifacts may include pan-stained nuclei (high

intensity fluorescence throughout whole nuclei) that do not appear to be associated with

DSBs.*’
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Figure 7.8 Comparison of the two methods of quantifying YH2AX nuclear
fluorescence in NHFs. Immunofluorescence was performed before and at 30
minutes after exposure to doses between 0 and 20 Gy. (A) Comparison of the
outcome of the manual (foci count number) and automated (mean fluorescence
intensity) methods. For ease of comparison, the fluorescence intensity values are
normalized to the number of foci per cell at a dose of 2 Gy (arrow). (*) The
YH2AX values for 20 Gy irradiated cells were determined by the automated
method only. Each datum point represents the mean (+SE) values for at least 200
cells. (B) Actual fluorescence intensity measurements (pixel values for 16 bit
depth) obtained by the automated method.

The automated method of analysis (Fig. 7.6) for quantifying the spatial
distribution of YH2AX fluorescence intensity following spatially fractionated irradiations
enables the rapid quantification of DNA damage distribution with respect to horizontal
position in MRT-irradiated cells even at doses considerably higher than what is typically
considered with yH2AX quantification.  This method of analysis facilitates the
investigation of many factors in an efficient and robust fashion, specifically the peak
intensity, valley intensity, FWHM and area under the curve, as a function of dosimetric
and geometric MRT factors (peak dose, valley dose, microbeam width, microbeam
spacing, microbeam array dimensions, and the arrangement of multiple arrays). By
varying the time between irradiation and fixation, the clearance of YH2AX foci with time,
as well as changes in cell morphology following these high doses, can also be explored.
Although linearity between dose and averaged fluorescence intensity is lost for doses
above approximately 10 Gy, at higher doses calibration curves can be applied to correct

profiles for a more accurate representation of DNA damage. Also, this method of
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analysis was developed in MATLAB, which allows for customization based on specific

requirements for a given experiment.

7.4.2  Monte Carlo calculated dose distributions

The Monte Carlo simulated dose distribution is shown in Fig. 7.9 for the central three
microbeams in the 75 microbeam array. Based on this simulation, the peak-to-valley
dose ratio for the geometry considered (50 um width, 400 um spacing) at a depth of 2 cm
in water is 65 £ 1. This depth was chosen to match the depth in the medium at which
the cell culture samples were positioned during irradiations. The peak and valley doses

delivered to the cell cultures are reported in Table 7.1.
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Figure 7.9 The Monte Carlo simulated relative dose distribution at a depth of 2
cm in water resulting from an array of 50 pm—wide microbeams and centre-to-
centre (c-t-c) spacing of 400 um.

Table 7.1 Peak and valley doses delivered at a depth of 20 mm in water for the
central microbeam of the microbeam array.

Peak Dose (Gy) Valley Dose (Gy)

Dose 1 1.4 0.02
Dose 2 14 0.2
Dose 3 71 1.1
Dose 4 283 4.3
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7.4.3  Immunofluorescence signal following irradiation by a synchrotron-generated
microbeam array as a function of delivered dose

The presence of YH2AX immunofluorescence in cell cultures was visible at 0.5 h
following exposure to the array of synchrotron microbeams for all doses delivered (1.4,
14, 71 and 283 Gy). Fluorescence microscopy images of MGCs and NHFs are shown in
Fig. 7.10 for doses of 14, 71 and 283 Gy and different times (between 0.5 and 48 h)
following irradiation.

We observed a non-linear increase in peak fluorescence intensity measured 0.5 h
after irradiation as a function of delivered peak dose, as plotted in Fig. 7.11. The
fluorescence intensity in the peak was measured as the central 25% of the FWHM of the
curve. Figure 7.11 also shows the valley fluorescence intensity as a function of dose,
where the valley region was defined as the region measured two peak widths (FWHM)
away from the peaks on either side of the valley of interest. The 0 Gy data point is the
average of the fluorescence intensity in samples from all three control conditions
(described in Section 7.3.2), as there was no difference in fluorescence intensity for the

three conditions.
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(b) NHFs
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Figure 7.10 The yH2AX immunofluorescence in (a) MGCs and (b) NHFs
following irradiation by the microbeam array (50 pm width, 400 pm c-t-c).
Samples are shown for doses of 14, 71 and 283 Gy, and times of 0.5, 6, 24 and 48
h after irradiation. Images were taken with a 10X objective lens. The image
dimensions are 666 pm vertically x 891 um horizontally.
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Figure 7.11 The yYH2AX immunofluorescence intensity in the peak and valley
regions in MGCs (left) and NHFs (right) measured 0.5 h after irradiation with the
microbeam array as a function of dose delivered in the peak.

The widths of the peak regions were measured at 0.5 h via the peak-fitting
algorithm in both cell types. In NHFs, the peak width was 55.2 + 5.1 um, and in MGCs
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the width was 56.6 = 9.3 um. The ten central peak widths measured at the surface of the
irradiation jig (using GafChromic HD810 film (ISP Technologies, NJ, USA)) and at 2 cm
depth in media (using GafChromic EBT2 film) were 55.8 + 2.6 and 57.9 £ 0.9 pm,

respectively.

7.4.4 Change in immunofluorescence signal with time after irradiation with a
synchrotron-generated microbeam array

Figure 7.10 illustrates the decrease in YH2AX immunofluorescence in both cell types at
times of 6, 24 and 48 h after irradiation, as compared with the initial fluorescence
measured at 0.5 h. The YH2AX fluorescence intensities in both the peak and valley
regions at times up to 24 h following a peak dose of 283 Gy are plotted in Fig. 7.12. In

general, the YH2AX fluorescence intensity decreases in a similar manner in both cell
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Figure 7.12 The yH2AX immunofluorescence intensity in the peak and valley
regions in MGCs (left) and NHFs (right) measured between 0.5 and 24 h after a
283 Gy irradiation with the microbeam array. The dashed line indicates the mean
fluorescence intensity in controls.

types. The peak fluorescence decreases most rapidly between 0.5 and 12 h after
irradiation, and only minimal changes occur between 12 and 24 h. The valley
fluorescence remains relatively constant for the first 6 h, decreases most significantly
between 6 and 9 h, then remains relatively constant again until 24 h. The most

conspicuous difference in YH2AX fluorescence clearance between MGCs and NHFs is
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apparent at 24 h. For a 283 Gy irradiation, the peak and valley structure remains
prominent in MGCs up to 24 h, while the fluorescence in these two regions at 24 h in

NHFs is either much more similar or even indistinguishable for some samples.

71 Gy, 24 h 283 Gy, 24 h
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Figure 7.13 yH2AX immunofluorescence in MGCs (top) and NHFs (bottom) at
24 h after a 71 Gy (left) and a 283 Gy (right) irradiation with the microbeam
array illustrates the prolonged persistence of peak and valley regions in MGCs

compared with NHFs.
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Figure 7.14 yH2AX images at 72 h in control (left) and 283 Gy-irradiated (right)
MGCs (top) and NHFs (bottom) show the persistence of YH2AX fluorescence
signal in irradiated samples at long times post-irradiation.
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The greater difference between peak and valley fluorescence intensity at 24 h
evident in MGC samples is readily apparent in the YH2AX images for 71 and 283 Gy
doses shown in Fig. 7.13. The time dependence of the cell culture response to lower
doses was sampled at a coarser temporal resolution; nevertheless, there appeared to be a
similar rate of fluorescence loss between 0.5 and 6 h, and a less defined peak and valley
structure at 24 h compared with the 283 Gy samples. At 48 h (data not shown) and 72 h
(Fig. 7.14), there are persistent (above background) YH2AX foci visible in the irradiated
samples of both cell types. However, at these late times the microbeam pattern is no

longer discernible, as the foci are not clustered in distinct peak and valley regions.

14 Gy, 24 h 283 Gy, 24 h

MGCs

NHFs

Figure 7.15 The yH2AX immunofluorescence intensity in MGCs (top) and
NHFs (bottom) at 24 h after irradiation with the microbeam array. The samples
on the left were irradiated with a 14 Gy peak dose and corresponding 0.2 Gy
valley dose, while the samples on the right received a 283 Gy peak and 4.3 Gy
valley dose. The image dimensions are 333 pum vertically x 445 pm horizontally.

A more detailed examination of the foci present in the valley regions of the cell
cultures at 24 h revealed a slower clearance of YH2AX signal than expected based on the
valley dose, and the observed clearance in the peak regions. Figure 7.15 shows the
results for both cell types at 24 h following peak/valley doses of either 14/0.2 Gy (left) or
283/4.3 Gy (right) delivered via the microbeam array. The MGC-283 Gy image is
centred on the valley region (the microbeam paths are along the left and right edges of the
image), while the three other images show a mixed zone because the peaks and valleys

are indistinguishable in these images. We observed more clearance in directly irradiated
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cells receiving 14 Gy than in cells receiving only 4.3 Gy in the valley, but surrounded by

283 Gy peak regions.

7.4.5 Change in immunofluorescence signal with beam width after irradiation with a
synchrotron-generated microbeam array, single microbeams and a broad beam

During two experimental sessions at the CLS, the influence of beam size on fluorescence
clearance was investigated by comparing samples irradiated using the microbeam array, a
single microbeam and a broad beam. Experiment 1 included the 50 um microbeam from
the full array (labelled MSC), and three single microbeams (widths of 60, 100 and 570
um), all 4 mm tall. Experiment 2 included another 50 um microbeam from the full array
(labelled MSC2) and the response to the 4 mm % 32 mm broad beam (labelled BB).
Images of the YH2AX-immunostained nuclei for both cell types are shown in Fig. 7.16 at
24 h after a 71 Gy irradiation. Compared with the microbeam from the full array (MSC),
we observed similar YH2AX fluorescence remaining at 24 h with the 60 pm-wide single
microbeam, and more fluorescence remaining following exposure to the 570 pm-wide
microbeam. Considering the data from experiment 2, we observed less clearance
following a broad beam irradiation compared with the microbeam array (MSC2). In
general, the nuclei in the wide microbeam (570 um) or broad beam images contain, on
average, a greater number of remaining foci at 24 h compared with the narrow
microbeam (50 or 60 pm) images. The residual foci following exposure to the 100 um
microbeam had mixed results. In NHFs, the number of residual YH2AX foci was higher
than for the 60 pum-wide microbeam and more similar to the 570 um-wide microbeam.
The opposite was true for MGCs, i.e. the response of these cells to the 100 pm
microbeam was very similar to the 60 um microbeam and had fewer remaining foci than
the 570 um microbeam. Differences between the narrow microbeams (50 or 60 um)
compared with the wide microbeam (570 pum) or the broad beam at 24 h were more
obvious for NHFs than MGCs. It is possible, however, that this may just reflect the
slightly different rates of YH2AX clearance between the two cell types, as was described
in Section 7.4.4. Specifically, at 24 h after irradiation, the peak and valley pattern was

lost in many NHF samples, but remained visible in MGC samples.
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Figure 7.16 Images of MGCs (top) and NHFs (bottom) 24 h after a 71 Gy dose.
The first three columns of images were acquired during a first experimental
session at the CLS, and correspond to cells irradiated with the microbeam array
(MSC), or single microbeams of either 60 or 570 pm width. Images from a
second session at the CLS (the last two columns of images) include irradiation
using a microbeam array (MSC2) or a broad beam (BB). Images were taken
within the peak region (if apparent).

7.4.6  Apoptosis

To investigate cellular fates following high-dose irradiations, cells with apoptotic
morphology (see, for example, Fig. 7.3 or the inset in Fig. 7.17) were counted in all
microbeam-irradiated samples for times up to 72 h after irradiation, and in broad beam-
irradiated samples for times up to 24 h. Since microbeam peaks and valleys are
indistinguishable for late time points, for all microbeam samples the apoptotic cells were
counted within the entire microbeam array path encompassing both peaks and valleys.
Apoptotic cells were identified by morphology (i.e., nuclear fragmentation and/or
condensation). The incidence of apoptotic cells is shown in Fig. 7.17 where both
subplots have the same scale for comparison between cell types. Even at the high doses
considered, very few apoptotic cells were present. For MGCs, the maximum occurrence
of apoptotic cells for any time and dose combination following microbeam (MB)
irradiation was 0.17 = 0.03 % (283 Gy, 72 h) and 0.20 + 0.04 % (283 Gy, 24 h) following
broad beam (BB) exposure. In response to the microbeam array, there was a significant
difference between the proportion of apoptotic cells at 72 h versus any other time points.
There was also an increase in the number of apoptotic cells at 24 h following broad beam

irradiation versus the microbeam-irradiated cells at 24 h for 71 and 283 Gy. Overall,
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however, MGCs showed an extremely high resistance to undergoing apoptosis following
doses up to several hundred Gy.
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Figure 7.17 The incidence of apoptotic nuclei after irradiation with the
microbeam array (labelled MB) or the 4 mm X 32 mm broad beam (labelled BB)
at various times after exposure (0.5 — 72 h) and various doses (0 — 283 Gy) for
MGCs and NHFs. An example of an apoptotic cell is indicated by the arrow.

The percentage of apoptosis in microbeam-irradiated NHFs was slightly higher
than was found for MGCs, but still extremely low, with a maximum incidence of 0.75 +
0.19 % at 72 h after a 283 Gy dose of irradiation. At any time point, the number of
apoptotic cells was highest following the largest dose (283 Gy), and for any dose the
most apoptotic cells were found at 72 h after irradiation. There was an increase in the
amount of apoptotic NHFs present at 24 h in broad beam-irradiated samples compared
with the amount of apoptotic cells present following microbeam irradiations of equivalent
doses. After a broad beam dose of 283 Gy, there were 2.7 + 0.5% apoptotic cells.
Despite the higher prevalence of apoptosis in NHFs, particularly for broad beam

irradiations, the overall rate of apoptosis is extremely low (<5%). Thus, apoptosis is not
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the preferred response of these cultures to ionizing-radiation-induced DNA damage under

the conditions we investigated.

7.5 Discussion

The BMIT beamlines at the CLS offer novel techniques using synchrotron x-rays in both
imaging and therapy, including the development of an MRT program. Our experiments
were performed using the 05B1-1 x-ray beamline at the CLS, the only fully
commissioned BMIT beamline at the time of the experiments. Although this beamline
provides a lower mean energy (52 keV) and considerably lower dose rate (~1.5 Gy s™)
than typically used in MRT, the minimally divergent (~ 4 mrad) beam is able to provide
the highly spatially fractionated dose distribution that is central to MRT’s unique
biological properties. The cellular response to high-dose synchrotron x-rays of several
geometries was assessed using the YH2AX immunostaining assay in conjunction with the
examination of apoptotic cell morphology at several time points after irradiation.

To evaluate YH2AX fluorescence, which was used as a surrogate for DNA
damage, we employed an automated analysis that tallied fluorescence intensity from the
immunostained cell cultures. Total fluorescence intensity was measured, in contrast to
the more traditional method of counting individual YH2AX foci, for two major reasons:
(1) at these high doses the individual YH2AX foci in the peak regions are too numerous to
discern; and (ii) the automated analysis provides a time-efficient method of analysing the
large number of samples that were treated. Using this assay we were able to visually
identify peak and valley regions of irradiated samples, and quantify the yH2AX
fluorescence in a spatially dependent manner in each of these zones in cell cultures. We
observed a non-linear increase in YH2AX fluorescence intensity with increasing dose for
a range of peak doses between 0 and 283 Gy. The sensitivity of the emitted YH2AX
fluorescence with respect to changing dose decreases with increasing dose, most likely
due to overlapping individual foci at higher doses. Despite its benefits, this method of
analysis does have some limitations. At low valley doses (below ~1 Gy), the automated
analysis had insufficient sensitivity to separate the low number of high- intensity YH2AX

foci arising spontaneously or induced by ionizing radiation. In the low-dose valley
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region it is possible to overcome this issue by manually counting distinct YH2AX foci. It
becomes very difficult, however, to distinguish individual YH2AX foci at doses of 14 Gy
and above in the peak regions at 0.5 h after irradiation. Despite these challenges, our
results show that the distribution of H2AX fluorescence following irradiation faithfully
represents the delivered dose distribution, as shown by the agreement within error
between the microbeam widths measured via radiochromic film and from the 0.5 h
H2AX images. This supports the suggestion by Rothkamm er al’ that yH2AX
immunostaining could be used for biological dose mapping in cell culture and in tissue
sections. Even at the high doses typical of MRT, where counting foci to estimate the
delivered dose is difficult, this assay could prove useful for verifying difficult irradiation
geometries, such as interlaced microbeam arrays*”*' in animal models at early times after
irradiation, and perhaps inform the extent of DNA damage, beyond simply the delivered
dose distributions, at late times following microbeam irradiations.

Although limitations of the assay exist, we were able to extract several interesting
relationships between the distribution of YH2AX immunofluorescence in cell culture at
various times after microbeam irradiations with different doses and geometries. First, in
response to the microbeam array, the two cell types had similar overall trends in terms of
initial formation and subsequent clearance of YH2AX foci. Specifically, the highest
fluorescence signal occurred in the first 0.5-3h in both cell types, and the signal intensity
decreased with time. The most significant reduction in valley fluorescence was observed
between 6 and 9 h. Although the overall trend of YH2AX fluorescence clearance was
very similar for the two cell types, we observed that the rate of clearance in MGCs was
slightly slower than in NHFs. At 24 h after irradiation, the peak and valley regions were
still easily discernible in MGCs after a dose of 283 Gy, but not in NHFs. This effect was
reflected in the constantly widening widths of the peak regions in NHFs with time, while
the width in MGCs expanded more slowly. By 48 h after irradiation, the peak and valley
regions were completely missing in both cell types. Although the microbeam pattern was
lost according to the automated analysis, high-resolution images revealed the persistence
of YH2AX foci in both cell types at late times (up to 72 h) following irradiation.

We also observed an interesting effect in the valley clearance at 24 h after

exposure. In a valley region exposed to only 4.3 Gy (corresponding to a peak dose of
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283 Gy) we observed less clearance by 24 h than we observed in the mixed peak/valley
regions that were exposed to a peak and valley dose of 14 and 0.2 Gy and incubation for
24 h. This suggests that the DNA damage response of the cells in the valley region is
influenced by the heavily irradiated cells in the peak region. Whether this observation
reflects intercellular communication (between cells within peak and valley regions)
and/or cell movement (from peak to valley regions) remains to be determined. Additional
investigations of this phenomenon are warranted to further the understanding of MRT’s
potential therapeutic benefit.

The response of MGCs and NHFs to x-ray beams of varying widths was
investigated using the full microbeam array, three single microbeams and one rectangular
broad beam. We observed more YH2AX clearance for narrower microbeams (the 50 pm-
wide microbeam from the full array, and the 60 pm single microbeam) than for the wider
microbeam (570 pm) and the broad beam. This difference in response with width was
more easily visualized in NHFs. We suspect that this results from the slightly slower rate
of H2AX clearance for MGCs discussed above, and not that the overall YH2AX clearance
following microbeam irradiation is necessarily better for NHFs over MGCs.

A straightforward interpretation of the YH2AX clearance data is that DSBs
induced under these conditions might be rejoined at a faster rate in NHFs than MGCs.
However, alternative explanations cannot be ruled out given that radiation-triggered
genomic abnormalities other than DSBs are also known to give rise to Ser139-H2AX
phosphorylation and formation of yH2AX-associated nuclear foci. Suzuki et al., for
example, demonstrated that yYH2AX foci persist at times after irradiation when all
detectable DSBs are rejoined, and concluded that the residual (persistent) foci indicate an
aberrant chromatin structure, but not a DSB itself.”* 1In light of this, the only definitive
conclusions that can be drawn from our observations are that genomic alterations that
give rise to YH2AX foci are induced in these cultures; that such alterations persist for the
duration of the experiments (up to 72 h) after synchrotron microbeam irradiation; and that
at late times after radiation exposure these foci are distributed uniformly, as opposed to
being predominantly present in the peak region as was seen at early times post-

irradiation.
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The A172 MGCs used in the current study respond to ionizing radiation similarly
to NHFs in terms of clonogenic survival® and activation of the p53 tumour
suppressor,”** a key regulator of the DNA surveillance network.'' Although these
cultures exhibit apoptosis resistance in response to moderate doses of ionizing radiation
(e.g., 10 Gy),”® we considered the possibility that the residual yH2AX foci observed at
late times after high-dose (e.g., 283 Gy) irradiation might reflect cells undergoing
apoptosis. However, using morphological criteria (i.e. nuclear fragmentation and/or
shrinkage), we observed very low frequency (<5 %) of apoptotic cells in cultures of both
cell types following high-dose synchrotron-generated x-ray microbeam irradiations. We
observed a slightly elevated frequency of apoptosis in NHFs following broad beam
irradiation at 2.7 %, but MGCs remained below 0.5 %. Further study would be useful to
determine whether the high-dose microbeam conditions alter the frequency of apoptosis
for other cell types for which apoptosis has been established as a significant damage
response pathway at low to moderate doses.

For the cell types investigated in this work, one hypothesis is that the apoptosis-
resistant phenotype of these cultures might be associated with p53-mediated upregulation
of p21, a well-characterized anti-apoptotic protein that acts at different levels of the death

cascade!'¥

and engages the SIPS response.'’ Cells that undergo the SIPS response enter
a prolonged state of growth- arrest in which DNA replication ceases, but the cells remain
viable and continue to secrete growth- and tumour-promoting factors.'' The preference
of p53 wild- type human cells for SIPS as opposed to undergoing apoptosis has been
previously demonstrated in response to conventional broad beam irradiation.”**** The
residual YH2AX fluorescence observed at late times in this study may be an indicator of
cells undergoing SIPS, since this response is also associated with high numbers of
yH2AX foci, presumably reflecting genomic instability.**

The techniques reported here will facilitate the evaluation of DNA damage
response to microbeam irradiation in different types of cultured human cells (e.g., normal
versus cancerous) with different genetic background (e.g., TP53 status). Our results give
credence to previous work"”” suggesting that the YH2AX immunofluorescence assay

might be used as a reliable biological probe for evaluating DSBs at relatively short times

(0.5 h) after synchrotron exposure. We have demonstrated that synchrotron exposure of
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p53 wild-type human cell cultures (normal fibroblasts and A172 MGCs) results in a high
frequency of genomic instability, which is manifested as YH2AX-associated nuclear foci
that persist for long times (e.g. 72 h) post-irradiation but are not associated with
apoptosis. Our studies motivate further in vitro and in vivo investigations on microbeam-
triggered early responses (e.g., DNA repair; cell cycle checkpoints) and late responses

(e.g., apoptosis; SIPS) in human cells with differing p53 status.
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8 SUMMARY AND CONCLUSIONS

The unique properties of synchrotron radiation offer opportunities for the development of
novel imaging and therapy techniques; the BioMedical Imaging and Therapy (BMIT)
beamlines at the Canadian Light Source (CLS) enable synchrotron-based biomedical
research in Canada. Thus far, BMIT’s research has been dominated by imaging
experimentation, but there is potential for novel therapy applications to also be explored.
Microbeam radiation therapy (MRT), reviewed in Chapter 1, is a synchrotron-based type
of therapy that has the potential to treat solid tumours with high dose parallel
microbeams. Normal tissues show extreme tolerance, while tumours show a reduction in
size and sometimes ablation, in response to these high dose microbeams. Potential
applications of MRT include the treatment of solid tumours at particularly radiosensitive
sites, with a focus on the difficult to treat pediatric CNS lesions.

The progression of MRT toward clinical trials requires advancement in two fields:
(1) dosimetry, and (2) the biological response to high dose microbeams. Like
conventional radiation therapy, a complete dosimetric system includes the availability of
computational dosimetry for treatment planning and experimental dosimetry for
validation of the computational system. Experimental dosimetry in a synchrotron x-ray
beam is challenging because of its small dimensions (< 1 c¢cm) in the vertical direction,
and non-uniformity in both intensity and energy across its vertical profile. The
conditions under which MRT is carried out make dosimetry even more difficult: the dose
is delivered at a high rate (1000s of Gy/s), over a wide dose range, with sub-millimetre
spatial fractionation, and with relatively low x-ray energies. MRT treatment planning
requires high spatial resolution Monte Carlo simulations with high accuracy at low x-ray
energies. The assessment of calculated dose distributions is not straight-forward as there
are many geometric and dosimetric parameters in MRT that affect biological outcome. A
method of scoring dose distributions in a volumetric manner is necessary for optimizing
dose distributions. Additionally, it is not completely understood how normal tissue
toxicity is so low, yet tumours demonstrate a therapeutic response. This thesis has
addressed both of these fields, within the context of preparing for an MRT research
program at the CLS.
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The majority of this thesis reports experimental dosimetry on the BMIT
beamlines. A thorough investigation of beamline characteristics, reported in Chapter 3,
was done to provide a basis for further experimental and computational dosimetry. The
majority of work was done on the 05B1-1 beamline, which has been available to users
since the inception of the thesis work. The more recently available 05ID-2 beamline was
assessed by a subset of these measurements. For one or both beamlines the broad beam
output, geometry, and energy were investigated through a variety of methods. The beam
profile, beam size with beamline collimator setting, and divergence were measured. The
theoretical beam energy was determined through analytical calculations. The half-value
layer, percent depth dose and spectroscopic measurements, were taken to compare to the
theoretical, or nominal (for monoenergetic beams), energy spectra. The microbeam array
on the 05B1-1 beamline was also assessed using Monte Carlo methods, and
experimentally in terms of geometry (beam profiles and width) and the percent depth
dose. The research reported in Chapter 3 provides vital groundwork for the rest of the
thesis, and is also useful for BMIT staff and other users.

The only absolute dosimetry performed thus far on the BMIT beamlines was
reported in Chapter 4. The Victoreen 480 free-air ionization chamber (FAC), provided
and tested in Ottawa by the National Research Council of Canada, was used to determine
absolute air kerma rates on the 05B1-1 beamline. The EGSnrc user code egs fac was
used to perform a detailed Monte Carlo analysis of the correction factors for photon
attenuation, photon scatter, electron loss, and photon scatter and transmission from the
chamber’s diaphragm. Air kerma measurements in the broad synchrotron beam are
challenging due to the non-uniform beam, which was addressed by using a specially
fabricated aperture with a 0.52 mm diameter. Correcting for ion recombination is another
challenge in the 05B1-1 x-ray beam. To reduce the magnitude of the recombination
correction, the beam was attenuated by between 0.552 and 6.103 mm Cu. This resulted
in a maximum dose rate of 5.2 Gy/s for the lowest filtration, and a minimum of 4.5
mGy/s for the maximum filtration. Additionally, the air kerma rates for two
monoenergetic beams that are commonly used for imaging applications were measured.
The values were 10.9 cGy/s and 1.5 c¢Gy/s for the 20 keV and 33.3 keV beams,

respectively.
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The air kerma measurements using a FAC are important for providing absolute
values in the synchrotron beam. This is particularly important for dosimetry in the
synchrotron beam because it departs so drastically from clinical x-ray beams, which
brings into question the appropriateness of applying calibration factors determined for
clinical beams to the synchrotron x-ray beam. However, the FAC measurements are
challenging and time-consuming. The size and weight of the chamber, as well as the
small aperture, make simply positioning and aligning the chamber on the beamline a
multi-hour process. It is not feasible to perform frequent dosimetry using a FAC. To
address this, the use of the PRO6C cavity ionization chamber in the small, non-uniform
synchrotron beam was investigated. The beam profile and ion chamber response across
its diameter were measured and incorporated into a geometric model. This model was
used to calculate beam profile correction factors for both a stationary measurement and a
scanning measurement of air kerma rates. The agreement between the predicted and
measured values was better for the stationary measurements. The greater discrepancy
observed for the scanning measurements indicates further work is required to before this
method is used for reference dosimetry. The stationary measurements were used to
determine reference on-axis air kerma rates between 0.019 for a 33.3 keV beam and 1.9
Gy/s for a 1.103 mm Cu-filtered beam at a maximum storage ring current of 250 mA for
four beam filtrations. The differences in geometry between the FAC and cavity chamber
measurements limit the ability to directly compare the raw results, but the two dosimeters
demonstrate relative air kerma rates for different beam qualities that agree within 4 %.

Almost all imaging and therapy research programs on the 05B1-1 beamlines can
benefit from the beamline characterization and dosimetric work described in Chapter 3, 4
and 5. In Chapter 6, theoretical dosimetry using Monte Carlo simulations focusing
specifically on MRT at the CLS is reported. The theoretical BMIT 05ID-2 filtered
energy spectrum was used to calculate MRT dose distributions in a cubic head phantom.
The results of the simulations showed that the dose distributions calculated with the
05ID-2 energy spectra were very similar to those calculated at the European Synchrotron
Radiation Facility (ESRF), the synchrotron light source where the majority of MRT
research occurs, and thus demonstrated that the 05ID-2 beamline is suitable for

supporting MRT research. We also reported a systematic study assessing the change in
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dose distribution (quantified with the peak-to-valley dose ratio (PVDR)) with varying
phantom size, microbeam width, and microbeam spacing. The study showed the
decrease in PVDR and increasing valley dose, with increasing phantom size, increasing
microbeam width and decreasing distance between adjacent microbeams. Although the
PVDR is helpful for characterizing the dose distribution, as a point dose measurement it
is fundamentally limited at describing the highly spatially fractionated dose distributions
of MRT. The relationships between phantom and microbeam array geometry were
assessed for the PVDR and three alternative dose-volume metrics: the peak-to-mean
valley dose ratio (PMVDR), the mean dose, and the percentage volume below a
threshold. These metrics all offer advantages over the PVDR due to their volumetric
nature, but their usefulness would need to be proven by relating them to biological
outcome.

The second major field of MRT research, the biological response to high dose
microbeams, was also explored in the thesis. Animal studies have shown strong evidence
for a differential vascular response in normal and tumour tissues in response to MRT.
Other animal and cell culture studies suggest differential responses involve cell
communication, DNA double strand break (DSB) repair and apoptotic cell death. In
Chapter 7, the response of human cell cultures of normal human fibroblasts and
malignant glioma cells to high dose synchrotron-generated microbeams was examined
with the YH2AX immunofluorescence assay, a biomarker for DNA DSBs, and using
nuclear counterstaining with DAPI (to assess cellular morphology). A procedure was
developed to prepare the cell cultures at the Cross Cancer Institute (CCI), transport the
cells to the University of Saskatchewan campus, irradiate the cells at the CLS, and then
transport the cells back to the CCI for immunostaining and analysis. Additionally, a
MATLAB script was written to facilitate the semi-automatic analysis to measure the
spatial and intensity properties of the resulting fluorescence images. The general trends
of formation and clearance of YH2AX foci with dose and time were fairly similar
between the two cell types. The fluorescence images show evidence of more YH2AX
foci in valley regions between two high dose microbeams than expected, which suggests
that the highly irradiated peak cells influence the DNA damage response of the valley

cells. We also investigated the response of cells in response to single beams of varying
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widths. We observed more foci clearance in the narrow microbeams (< 60 um) than wide
beams (> 570 um) at 24 hours after irradiation. Finally, an analysis of the cell
morphology showed that there were very low rates of apoptosis (< 5 %) up to 72 hours
after irradiation, despite the presence of persistent YH2AX foci (signifying genomic
aberrations) up to 72 hours after exposure to the high dose microbeams.

Several future research avenues can be initiated based on the foundations
established in this thesis. The air kerma rate on the 05B1-1 beamline was measured using
the Victoreen 480, a large cylindrical FAC. The procedure described in Chapter 4 will be
used to take air kerma rate measurements on the 05ID-2 beamline, although the energy
and filtration will need to be selected carefully to not surpass the correctable limits of ion
recombination on this higher flux beamline. Additionally, the FAC measurements and
Monte Carlo simulations revealed shortcomings of the Victoreen 480 for air kerma rate
measurments on the 05B1-1 beamline. The availability of a smaller, more mobile FAC
for the BMIT beamlines would be a beneficial dosimetric tool for the beamlines,
particularly as research becomes more heavily focused on live animal experimentation
and absolute dosimetry becomes a priority for more research teams. The design of a new
FAC would allow the optimization of chamber’s geometry (e.g., electrode separation,
attenuation length, aperture size) specifically for the 05B1-1 and 05ID-2 beamlines.
Additionally, a detailed study of recombination effects is required to maximize the dose
rates at which the FAC can be used on these beamlines.

Further improvements upon cavity chamber dosimetry can also be explored. A
Monte Carlo study of the cavity chamber response to a small, non-uniform beam would
be important for improving the simple geometric model presented in Chapter 5, and
investigating the energy response of the chamber. Additionally, dosimetry using smaller
(pinpoint) chambers, designed for low energy x-rays, would offer improvements over the
Capintec PRO6C. The correction for beam profile variation over the chamber’s diameter,
as well as the recombination correction, would both be reduced with a smaller chamber.
As above, the recombination effects of the chamber would need to be well understood to
enable dosimetry over a greater range of beam intensities for both the 05B1-1 and 05ID-2
beamlines. This would include both a theoretical description of ion diffusion, as well as

experimentally investigating the change in collected current with applied voltage.
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For many years, Monte Carlo simulations for MRT consisted of a single beam
model, and the full array was approximated through superposition. While this model has
been important for showing the capabilities of the BMIT beamlines to deliver the
spatially fractionated dose distributions characteristic of MRT, there are improvements
that can be made. Analogous to what has been done for the ESRF, a more physically
realistic model of the source, beamline and collimator would improve the accuracy of the
Monte Carlo simulations. In this work, Monte Carlo simulations were also used to
explore dose-volume metrics for MRT. To assess the worth of each of these factors it
would be interesting to pursue a retrospective analysis of the literature in which
biological outcome for a single type of normal tissue or tumour type was compared
against these metrics.

There are still unanswered questions surrounding the biology of MRT, and thus
many avenues that may be explored. We demonstrated that even at extreme doses, only a
very small fraction of cells undergo apoptosis after microbeam irradiation. The late
responses of the p53 wild-type normal human fibroblasts (NHFs) and malignant glioma
cells (MGCs) examined in Chapter 7 remains to be confirmed, particularly whether the
irradiated cells enter a state of growth arrest (stress-induced premature senescence) as
they do after moderate doses. Additionally, the early and late responses of human cells
with differing p53 status in response to microbeam irradiations remain to be investigated.
The research described in this thesis comprises some of the first and only MRT research
in Canada. The work establishes a foundation for many research areas including
experimental dosimetry, Monte Carlo dosimetry, and DNA damage response in human
cell cultures, all of which support the advancement of an MRT research program on the

BMIT beamlines at the Canadian Light Source.
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