Erratum & Addenda

p xxii line 2: Qualifying sentence: The valley dose is also a function of the array size.

p 15, line 4: Modify sentence to: A synchrotron produces very intense, quasi-parallel X-
rays with a photon flux rate (number of photons per unit area, per unit time) several orders
of magnitude greater than x-rays produced by conventional x-ray sources such as

diagnostic x-ray units or linear accelerators for megavoltage radiotherapy.

p 21, para 2, lines 2 & 3: Modify sentence to: However, the interlaced method does not

provide a good conformally-shaped distribution.

p 85, Table Legend: Table 2 instead of Table 1.

p 85, Table Legend: Add sentence: It should be stated that the array size is also a major
parameter in determining the peak-to-valley dose ratios. Here, the beam size was 10.0 mm

x 1.0 mm.

p 98, Figure 7 Legend: Add sentence: Given the quasi-parallel nature of the synchrotron
X-ray beam, the wide scattering angles inside the collimator channels are exaggerated, for

illustrative purposes.

pp 200 - 202, Legends for Figures 1, 2 & 3: Add sentence at the end of each legend:
Copyright (2001) Dako Group, Glostrup, Denmark. Image used with permission.
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Abstract

This thesis presents interdisciplinary, collaborativeegech in the field of synch-
rotron microbeam radiation therapy (MRT). Synchrotron MBTan experimental
radiotherapy technique under consideration for clinica, dollowing demonstration
of efficacy in tumour-bearing rodent models with remarkagaring of normal tis-
sue. A high flux, X-ray beam from a synchrotron is segmentéal micro-planar
arrays of narrow beams, typically 2Bn wide and with peak-to-peak separations of
200 m. The radiobiological effect of MRT and the underlying ol mechanisms
are poorly understood. The ratio between dose in the ‘petksé microbeams to
the dose in the ‘valleys’, between the microbeams, hasgtraiogical significance.
However, there are difficulties in accurately measuringdibee distribution for MRT.
The aim of this thesis is to address elements of both the @édsorand radiobiologi-
cal gaps that exist in the field of synchrotron MRT.

A method of film dosimetry and microdensitometry was adapteutder to mea-
sure the peak-to-valley dose ratios for synchrotron MRTo Types of radiochromic
film were irradiated in a phantom and also flush against a finé&am collimator on
beamline BL28B2 at the SPring-8 synchrotron. The HD-810 BBd varieties of
radiochromic film were used to record peak dose and valleg despectively. In
other experiments, a dose build-up effect was investigaitetthe half value layer of
the beam with and without the microbeam collimator was meabto investigate the
effect of the collimator on the beam quality. The valley dobtained for films placed

flush against the collimator was approximately 0.25% of tbakpdose. Within the

XXi
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water phantom, the valley dose had increased to betweefh.8%-of the peak dose,
depending on the depth in the phantom. We also demonstetpdrimentally and
by Monte Carlo simulation, that the dose is not maximal orstiméace and that there
is a dose build-up effect. The microbeam collimator did nekenan appreciable dif-
ference to the beam quality. The measured values of pewadthi®y dose ratio were
higher than those predicted by previously published Moraddsimulation papers.
For the radiobiological studies, planar (560 Gy) or crosswar (2 x 280 Gy or 2
X 560 Gy) irradiations were delivered to mice inoculatechwitammary tumours in
their leg, on beamline BL28B2 at the SPring-8 synchrotranmunohistochemical
staining for DNA double strand breaks, proliferation ano@psis was performed
on irradiated tissue sections. The MRT response was couhpareonventional ra-
diotherapy at 11, 22 or 44 Gy. The results of the study previtie first evidence for
a differential tissue response at a cellular level betwemmal and tumour tissues
following synchrotron MRT. Within 24 hours of MRT to tumowhvious cell migra-
tion had occurred into and out of irradiated zones. MRTeiiated tumours showed
significantly less proliferative capacity by 24 hours piostdiation (P = 0.002). Me-
dian survival times for EMT-6.5 and 67NR tumour-bearing efiglowing MRT (2 x
560 Gy) and conventional radiotherapy (22 Gy) increasexifgigntly compared to
unirradiated controls (P < 0.0005). However, there was gdykless normal tissue
damage from MRT than from conventional radiotherapy. MREted normal skin
mounts a more coordinated repair response than tumourksc&lletommunication
of death signals from directly irradiated, migrating ceftgy explain why tumours

are less resistant to high dose MRT than normal tissue.



CHAPTER 1

Introduction

1.1 Problem Statement

It is estimated that fifty per cent of all cancer patients igxeadiation therapy as
part of their treatment regimerBéntzen 2006. The goal of radiation therapy is
to maximise the total radiation dose to the tumour and miénthe dose to the
surrounding, normal, tissue. This goal can be difficult thieee due to the shape
of the tumour and/or nearby critical structures. A typicaiation therapy regimen
might consist of a total dose of 70 Gy (J/kg), fractionatetirime so that the patient
receives 2 Gy per day over 35 days. The dose is fractionatetaply to allow
irradiated normal tissue time to recover in between frastioThe side effects of
radiation therapy range from serious to fatal, and modediotiaerapy techniques
have evolved over the past few decades to conform the dosghdly tas possible
to target the tumour tissue and spare the normal tissuetheitlerance of normal
tissue to radiation which dictates the total dose that cadelieered to a tumour.
Synchrotron Microbeam Radiation Therapy (MRT) is an experital form of
radiation therapy in which synchrotron-generated X-rayge(gy range 60 -150 keV)
are spatially fractionated by a collimator, producing e microbeams, tens of mi-
crons wide separated by hundreds of microns. Animal studiee shown that it is

possible to deposit hundreds of Gray of peak, in-beam dosertoal and/or inocu-

1



2 CHAPTER 1. INTRODUCTION

lated tumour tissue in a fraction of a second. Remarkablynabtissue appears to
have an extraordinary tolerance to radiation when delivera spatially distributed,

microplanar fashion. Further, normal tissue retains a totgrance to spatially seg-
mented dose distributions relative to the response fronotuirtissue.

Despite the fascinating results obtained with MRT over th&t plecade, there are
little or no data to explain this effect. The papers on syotbn MRT have tended
to report survival studies, with no mechanistic data to suppr refute a hypothesis.
Apart from some conventional histology, there are no imnmistochemistry data on
the important cellular processes of proliferation, celitieand DNA repair, and how
these processes behave over time, post-MRT. Nor is therpretwsnive data aimed
at optimising the physical geometry of spatial dose distidns for a particular bio-
logical effect. There are several gaps (of strategic ingpae), in our understanding
of the underlying radiobiology of MRT.

A confounding problem on top of this is the difficulty faced plysicists to
accurately quantify the absorbed dose distributions thatlt from very high dose
gradients across micron scale beam widths. There is no @iméier available that
can simultaneously measure the high dose in the ‘peakstoimiisrobeams, and the
low dose in the ‘valley’ region between adjacent microbearG@®nsequently, the
majority of publications pertaining to MRT dosimetry have@oyed Monte Carlo
methods to simulate the dose distributions. However, folfNtRgain acceptance by
the radiation oncology community, it is important to havkat#e and reproducible
techniques of dosimetry. There is therefore another gapenkhowledge; MRT
dosimetry, which must be filled in addition to pursuing motaberate biological

studies.

1.2 Thesis Aim & Objectives

The aim of the work reported in this thesis is to address atsnef both the dosi-

metric and radiobiological gaps that exist in the field of@dyotron MRT. For the
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MRT dosimetry study, the aim was to develop a technique flavs.a simultaneous
measurement of the peak and valley doses at micron spatlaksas the microbeams
propagate through air and into a tissue-equivalent phant@nshort exposure times.
Ideally, the accuracy of an MRT dosimetry method would be parable to that
achievable in conventional radiotherapy (typicatt$%). For the radiobiology stud-
ies, the stated aim was to better understand the radiolitalogechanisms of MRT
by quantifying stimulated changes in cellular processe$ s1$ proliferation, apop-
tosis and DNA repair, in the hours and days post-irradiatiomormal and tumour

tissues.

1.3 Overview of the study

Chapter 2 provides an overview of the current state of thd éiekynchrotron MRT,
surveying the most relevant literature on normal tissuetanmbur tissue response to
MRT.

Chapter 3 provides basic information on synchrotron desiga the physical
properties of synchrotron beams. The chapter also desdtileephysical properties
of radiochromic films, which are used extensively in the agsle. Some remarks
on Monte Carlo computer simulation are also made and an ieversf radiation
dosimetry, with an emphasis on topis of relevance to MRT és@nted.

Chapter 4 reproduces in full a scientific paper, publishatiérjournalPhysics in
Medicine & Biology It describes a method to adapt film dosimetry and microtlensi
ometry for synchrotron MRT in order to plug the dosimetry gagich exists in the
MRT knowledge base. Using this technique, MRT peak-toeyatiose ratios were
recorded at different depths in a water phantom for the firs.t

Chapter 5 describes the search for immunohistochemicatersaof MRT dam-
age in skin tissue, and the novel application of thEl2AX immunohistochemical
assay of DNA double strand breaks. This chapter is writtethénstyle of a sci-

entific paper and it is anticipated that portions of this ¢bawill be submitted for



4 CHAPTER 1. INTRODUCTION

publication in the near future.

Chapter 6 reproduces in full a scientific paper, submittethéJournal of the
National Cancer Institutelt describes the effects of MRT on normal skin and inocu-
lated tumour over time in a mouse model and makes comparngitina conventional
radiotherapy study. Novel, radiobiological findings oflgklr processes in these tis-
sues post-MRT are described for the first time and possibtehareésms of effect are
also discussed. These findings were facilitated by H#2AX assay (an assay to
detect DNA double strand breaks) described in Chapter 5.

Chapter 7 describes some novel experiments that are work®@ress. These
include investigations of-H2AX bio-dosimetry, more accurate Monte Carlo com-
puter simulations, bi-directional MRT and treatment piagn

Chapter 8 serves as a ‘Discussion & Conclusions 'chaptebengs together the
dosimetry and radiobiology data in a cohesive manner.

A brief explanation of immunohistochemistry cell staining aid the reader not

familiar with these techniques, is given as an appendix.

1.4 Field Trips to SPring-8, Japan

The data presented in this thesis are from a total of 6 overfseld work trips to the
SPring-8 synchrotron facility in Japan. In all but one tegperiments on live mice
were performed. Figure 1 below tabulates these trips angbiiheipal biological

data collected for each trip.
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Date Beamtime Principal biological data obtained
allocation

Dec 2005 4 x 24 hrs, Pilot data for histological studies on mouse skin
12 shifts

July 2006 4 x 24 hrs, Immunohistochemical studies of cellular mechanisms
12 shifts in mouse skin (Chapter 5)

Dec 2006 3 x 24 hrs, MRT survival studies in tumour-inoculated mice (Chapter 6)
9 shifts

July 2007 4 x 24 hrs, Immunohistochemical studies of cellular mechanisms
12 shifts in mouse skin and inoculated tumour (Chapter 6)

Dec 2007 5 x 24 hrs, Molecular biology tests on mouse skin & tumour
15 shifts

July 2008 4 x 24 hrs, Dosimetry data; HVLs, films, gels (Chapter 4)
12 shifts

Figure 1.1: Field work trips to the SPring-8 synchrotrorpala

Dosimetric data for collimated microbeams and broad beamarious materials
(ion chamber, radiochromic films and gels) were also calécturing each of these
trips. The film dosimetry data presented in Chapter 4 weraindt during the July
2007, December 2007 and July 2008 trips.






CHAPTER 2

Background to MRT

2.1 Introduction to Radiation Therapy for the Treatment

of Cancer

Radiotherapy with ionising radiation has been used for &@€ryears to treat a wide
variety of solid tumoursBernier et al. 2004). Conceivably, every tumour could be
successfully treated with a sufficiently high dose of radiat However, the acute
and late effects of radiation on surrounding, normal tisscteas dose-limiting fac-
tors. Radiotherapy is a balance therefore, between marignismour control and
minimising normal tissue complications. There are seveifégrent techniques to
optimise the distribution of dose in tissue, but the most momly used are treat-
ments involving electron linear accelerators producirectebn and photon beams
with energies between 4 MeV and 25 Me®@reene and Williamsl1997). Modern
radiotherapy has evolved to include sophisticated comigetd treatment planning
systems and numerous imaging modalities such as CT, MR4solind and PET to
better visualise and localise malignant tissue.

The definition of a radiation field has also evolved, from basllimation, to
computerised, multi-leaf collimators. These multi-leaflimators use narrow (3
mm-10 mm) leaves of lead or tungsten that permit exquisitdocmal radiation

therapy in three dimensions. Over the last 10-15 yearspsitfemodulated radi-

7



8 CHAPTER 2. BACKGROUND TO MRT

ation therapy has become more routine for the treatmentrobtus located near
sensitive structures such as the central nervous systethisltechnique, the multi-
leaf collimators ‘slide 'across the radiation field, modirg the intensity and pro-
ducing non-uniform fields. This has allowed oncologists élivér curative doses
of radiation to tumours where previously they may only haterapted to prescribe

palliative dosesClifford Chao et al, 2002).

2.1.1 How does radiotherapy work? The biological effects afadiation

This is not an easy question to answer. Nor is it possible sorilee all aspects of ra-
diation biology in a subsection of this thesis. For decadies Roentgen’s discovery
of X-rays, radiotherapy was largely an empirical discipliiittle was known about
mechanistic effects. However, over the last 50 years, tte dieradiobiology has
matured and has developed ideas and frameworks to linkyedegpsition and cell
survival.

For many years (until the mid-1990's), the prevailing wisdor dogma of ra-
diotherapy was that the DNA in a cell's nucleus was the saigetafor radiation-
induced cell death. This explained how cancer cells wetedkihnd the early and
late effects associated with normal tissue toxicity. lmgsradiation is effective at
causing DNA double strand breaks and these have long beeghhto be the most
important effect for cell killing. Over the last two decadeswever, there has been
a shift, away from a totally DNA-centric approach, to incudther cellular effects
and mechanisms which may contribute to the tissue respongmising radiation
at a cellular level, and to consider the consequences foorten or organism as a
whole Prise et al.2005. Further pressure on the DNA-centric model, or target cell
hypothesis, has come from single cell microbeam studiesadt observed in these
studies that cells in culture flasks in the vicinity of theagrated cell could be killed
without having been irradiated themselv&etzen 2006. This is an example of

the so-called ‘bystander effect’, which is discussed frrin the next section.



2.1. INTRODUCTION TO RADIATION THERAPY FOR THE TREATMENT
OF CANCER 9

In any tissue or organism, cells are not isolated from on¢hendout are part of
a ‘community’or microenvironment of other cells that irger with each other and
the various cellular products. The effects therefore ofsioig radiation should not
be considered from the perspective of isolated cells, libherdrom the entire tissue
(Barcellos-Hoff et al.2005.

Soon after irradiation, DNA damage induces a stress respthrigh the ac-
tivation of proteins to facilitate DNA repair and prevenolifieration of damaged
cells Barcellos-Hoff et al. 2005 Bentzen 2006). In addition, there are multicel-
lular events that are initiated in response to damage fronsiiy radiation. Such
events include the release of cytokines, chemokines andlgfactors, proteins that
signal between cells through secretion, and interactich veiceptors on the cell’s
surface Bentzen 2006. These signals control vital processes such as proliberat
apoptosis, migration and differentiation. Certain cepey; fibroblasts, endothelial
cells, pericytes, and the cells of the immune and inflammatpstems (collectively
known as stromal cells), are involved in remodelling theraxellular matrix, the
protein scaffold on which cells residBdrcellos-Hoff et al.2005.

In a review of the effects of radiation and the cellular miervironment,
Barcellos-Hoff et al(2005 defined the micro-environment of a given target (i.e. tu-
mour) cell, as the range of stromal cells (and their produtite extra-cellular matrix
and signals (cytokines, chemokines and growth factors$)craact on the target cell.
In short, ionising radiation alters the tissue micro-eoniment and such alterations
can affect how tissues respond to radiation therapy andffibet® of ionising radia-

tion on the DNA in a target cell’s nucleus should not be cosigd in isolation.

2.1.2 The bystander effect

In radiotherapy, bystander effects are loosely defined edntiuction of biological
effects in cells that are not directly traversed by ionisiadiation, but are in close

proximity to cells that areHall and Mitchell 2003. This is illustrated schematically
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in figure 2.1; a single cell receives ionising radiation aadretes molecular signals
(proteins), which are capable of modifying the function aftant cells. Bystander
effects have mostly been observednrvitro assays. They are sometimes referred
to as non-target effects or cell-cell communication. Theffects were first reported
in the 1950’s, but interest in bystander effects have becomee intense over the
last 15 years. There have been a number of reviews of theruestaeffect and
its application to radiation therappthersill and Seymoy2001; Mothersill et al,
2004 Mothersill and Seymouy2004).

Data concerning bystander effects typically fall into tveparate categories; First
there are experiments involving the transfer of culture inmadrom irradiated cells
to unirradiated cells, which results in a biological effecthe unirradiated cells. Sec-
ond, the use of focussed, charged particle microbeamshveltlimw specific cells to
be irradiated, and biological effects studied through #sponse from neighbouring
cells Hall and Mitchell 2003.

Studies using radiation microbeams have made an importenttilcution to our
understanding of cell death mechanisms. These sophedicktvices allow precise
targeting of ionising radiation to individual cells and taepise regions within cells
such as the mitochondria and cytoplasm. Most of the microisedescribed in the
literature are comprised of charged particles, collimated focussed to dimensions
of 1-2 um. Soft X-rays are also employed for microbeam experiments use
zone plate diffraction lenses for focussing. These systesnslly have computer-
controlled stages coupled to advanced imaging systemshwigcform automatic
cell detection and alignmenie¢lkard et al.2001).

In a review of new insights on cell death from radiation expesPrise et al.
(2009 list numerous bystander effect studies of cell killing efhihave been pub-
lished since 1992. In all studies, unirradiated cells hdligted a change in function
when their neighbours were irradiated. The authors of tiigew described mi-
crobeam studies in which the irradiation of a single cellhimta population was

enough to induce bystander cell killing in fibroblast cells. another microbeam
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study cited byPrise et al(2005, bystander responses were induced in radio-resistant
glioma cells when only the cell cytoplasm was irradiatedvghg that direct damage

to cellular DNA by ionising radiation is not needed to triggiee effect.

lonising Radiation

Cell-cell communication
via secreted proteins

‘o
Bystander cells .

Figure 2.1: The bystander effect in radiation therapy, ssthfsomPrise et al(2005.
Molecular signalling can occur between irradiated andradiated cells which can
result in cell death for the unirradiated cell as well as thediated cell.

In a review of the biological response to radiation therdjpygsson et a(2003
ponder the relevance of the bystander effect to human teafipy. Important ques-
tions arise including; what are the mechanisms involvedwv ldependent is the
effect on cell-type and radiation quality? What unceriagtdoes the bystander ef-
fect introduce to the physical dosimetry (avide versa, and should we consider a
biological dose, not just the physical dose? To answer suektpns, morén vivo
human and animal studies are required which may bettemmiar of the role of the
bystander effect in radiotherapy.

So-called abscopal effects, or ‘distant’ bystander effeate also worth men-
tioning at this point. Abscopal effects are defined as ramiatesponses in tissue(s)
distant from the site of local radiatioKé&minski et al, 2005. An example of an ab-
scopal effect is radiation exposure in the abdomen of miicgiihg an inflammatory
reaction in their lungs\an der Meeren et al2005. The abscopal effect is contro-
versial, with some reports supporting it and other repafigting it (Kaminski et al,

2005. There is very little information on molecular mechanisofsabscopal ef-
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fects, although they appear to be mediated by the cells dfithmine system and the
release of cytokinesSnyder(2004) and Kaminski et al.(2005 are useful reviews
of radiation abscopal effects. Importantly, abscopal aystander effects provide
evidence that the target for the biological effects of imgsradiation includes the

surrounding cells/tissue, not just directly irradiatetisce

2.1.3 The volume effect

In radiation therapy, the volume effect states that; asdhewe of the irradiated, nor-
mal tissue decreases, the normal tissue’s tolerance &ti@dincreases. The volume
effect is complex and is not well defined. Tolerance is noartyedefined in many
publications, sometimes referring to a patient’s toleesfue a clinician’s impression)
and sometimes to tissue toleranear( der Kogel1993 Hopewell and Trott2000.

In a review of volume effects in radiobiology as applied tdiotherapy,
Hopewell and Trot{2000 examined the evidence for volume effects by considering
separately the anatomical or structural responses, argigbbgical or functional re-
sponses to small field irradiations. These authors obsdhagdthere was little or
no volume effect for anatomical or structural damage taiéss with cell migration
of non-irradiated cells from the margins into the irradiat@lume the more likely
mechanism for the same effect (isoeffect) occuring at higlses, in smaller vol-
umes. The authors also state “For anatomical/structuralada, field size is an ab-
solute concept, and is not applicable to a scaling factdrdiia be related to animal
size”. However, the authors also stated that there “werg pesnounced volume
effects reported in the literature for functional damag&or example, the spinal
cord of rat serves as a useful experimental model of funatioadiation damage
(e.g. paralysis) and the volume effettqpewell et al. 1987 van der Kogel 1993
Stewart and Van der Koge2002). These spinal cord studies show little or no volume
effect when cord lengths longer than 10 mm were irradiatetalsteep increase in

tolerance doses for irradiated lengths of less than 10 mudié&t of pig lungs irradi-
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ated at different fractional volumes show lungs appear abfram a histological and
radiological perspective and induction of structural lgiagnage to be independent of
the volume irradiated. However, lung function showed digrienprovements with
the reduction of the treatment fielllérrmann et a).1997). It seems the physiolog-
ical function of the irradiated volume (or the physiolodigalume) is as important
as the physically irradiated volume, when trying to underdtthe biologcal effects
of ionising radiation. At the very least, it seems prudenexercise caution when
interpreting data pertaining to volume effects in biol@gitssue.

The volume effect and the bystander/abscopal effect magdntfe related phe-
nomena, or at least, influence one another. When the dimensibthe incident
radiation are comparable to, or smaller than, the dimessidra single cell (10-20
wm approximately), the more likely it becomes for cell-calhmmunication between
directly irradiated and unirradiated cells. MRT may amplifystander effects by a
high ratio of irradiated to un-irradiated cells. Cell mitjoa of unirradiated (healthy)
cells to sites of irradiated (damaged) cells may be in pagtliaied through bystander
effects. The same applies to cell death of bystander celie @uld speculate that
increasing the dimension of the incident radiation beam giayrise to more distant
(abscopal) bystander effects, such as inflammatory reecititissue distant from the
local radiation site. Naturally, good quality experimémiata are required to support

or refute the ideas.

2.2 Introduction to Microbeam Radiation Therapy

2.2.1 A historical perspective

In the late 1950's, the first manned space flights were beapmireality and scien-
tists wanted to estimate the likely biological effect of mis radiation on astronauts.
A megavoltage (22 MeV) deuteron microbeam,;28 in diameter was used to sim-
ulate the dose that high-energy, heavy-ion, cosmic pasticlight deposit in tissue.

The team of Zeman, Curtis and Baker, working at the Brookhavational Labo-
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ratory in the USA, published a series of reports over a peoio8 years. In 1959,
Zeman reported in the journ&icience“There is a striking relationship between the
size of the impact area of the deuteron beam and the thredbs&lfor a radiogenic
lesion in the mouse brain ”. Zeman further reported “theshodd dose to produce a
lesion in the mouse brain increased from 30,000 rad (300 @ya fL mm diameter
beam to 1.1 x 10rad (11,000 Gy) for a beam 2&m in diameter ”, Zeman et al.
1959. A photograph fronZeman et al(1961) is shown in figure 2.2.

Figure 2.2: Photograph from the 1961 papeEefnan et al(1961) showing the rel-
ationship between the diameter of the beam and the dose e edlesion in mouse
brain tissue. Copyright (1961) Radiation Research. Imagel with permission.

In 1967, Howard Curtis reported that a dose of 400,000 rad(q4®y) delivered
to the brain of rats using a 2@m diameter beam of 22 MeV deuterons caused lo-
calised neuronal cell loss in the direct path of the micramebut did not cause a
radiogenic lesion. Curtis hypothesised that the probadaean for the high tolerance
to the microbeam was due to regeneration of radiation-dathddpod vessels by

surviving endothelial cells located outside the microbd@urtis, 1967ab).

2.2.2 Synchrotron microbeam radiation therapy - the first sudies

Slatkin et al.(1992 published a paper describing how, in theory, synchrotrenayé

could be exploited to produce planar or cylindrical micraims with energies in the
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range of 50 keV to 150 keV. They published Monte Carlo sinioiest of dose de-
position from different geometries and postulated on tlefralities of performing
such atechnique. A synchrotron produces very intense Xindty a photon flux rate
(number of photons per unit area, per unit time) severalrerdemagnitude greater
than x-rays produced by conventional x-ray sources suchagmaktic x-ray units
or linear accelerators for megavoltage radiotherapy. htapdy, the very high dose
rates (10,000 Gy/s) achievable on a synchrotron mean thahigh doses (hundreds
of Gy) can be delivered in a very short period of time (msda)stminimising blur-
ring of the dose due to motion of the tissue (from cardiacgmjlfor example). The
physical properties of synchrotron X-rays and their silitgtfor MRT are discussed
in more detail in Chapter 3.

Synchrotron microbeam radiation therapy permits an arf@lamar microbeams
to be delivered, where the high peak dose (relative to thedoge in the ‘valley
'region between the microbeams), can be maintained at deiksue with micro-
scopically sharp absorbed dose gradients at the field edgéss(e et a).1999.
Monte Carlo simulations have shown this depth can be as mudlé &m in water
(Stepanek et gl2000. The energy of the synchrotron X-ray beam (approximately
100 keV) allows the peak and valley dose distribution to bentamed at depth. At
100 keV, the range of secondary photoelectrons in watelyssmme tens of microns,
compared to millimetres in the megavoltage range. Incngabie X-ray beam energy
would increase the valley dose (because the range of segoeléatrons increase),
thus reducing the peak-to-valley dose ratio in tisssiedgbahn2007).

A piece of radiochromic film, which has been exposed to plagaay micro-
beams and a broad beam is shown in figure 2.3, illustratingphgally fractionated
nature of MRT. Whilst the width of a single microbeam may behaf order of 25
um, the planar nature of the beam means a microbeam can extentens of mm.

Slatkin et al.(1995 published the first paper on synchrotron MRT using data
from animal studies. The Brookhaven group had fashioneaglesslit, tantalum

collimator to segment the x-ray broadbeam into a planaraghi&am able to be varied
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fme

Figure 2.3: The spatially fractionated nature of MRT. Ratiromic film exposed to
planar X-ray microbeams (left) and uniform, broad beamhfigThe blue areas are
maximally exposed and the clear areas are minimally expoBee centre-to-centre
spacing of the microbeams is 2p@n.

in width from 20 um to 42 um. The target was the cerebellum in the brain of rats.
After a single exposure, the animal was moved on a precisioipgeter a distance
of 200 um or 75um and further exposed to the microbeam. This process caatinu
for a series of steps. The entrance dose was varied from 31@ G000 Gy. Figure
2.4, from Prof. Jean Laissue, illustrates how the radiatias incident on the rat

brain for this experiment.

Blathin of s Prac Mot Acud Soi (LS5A) 02 (1998 4TRY \_//

Figure 2.4: Schematic of irradiation setup in the first syntrlon MRT paper using
animals bySlatkin et al.(1995. An array of microplanar radiation was incident on
the rat’s skull. From a sketch by Prof. Jean Laissue, Unityeo$ Bern, Switzerland.
Image used with permission
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Slatkin et al.(1995 reported histological findings for rat brain tissue posM
Under low magnification light microscopy, the authors notetloss of neuronal
and astrocytic nuclei in the paths of the microbeams for slaseexcess of 1250
Gy”. They observed the tracks of the microbeam in the tissaians as ‘stripes’
in regions of dense nuclei, but not in regions of sparse nubthderestingly, brain
tissue irradiated with 312 Gy or 625 Gy appeared histoldigiceormal for up to one
month post-irradiation. The authors attributed this exoepl resistance of subacute
brain damage by ionising x-radiation to “hyperplasia andigration of minimally
irradiated endothelial cells (cells used to create bloabeks) and oligodendrocytes
(used for myelination of nerve cells) between the slicesri@fdiated tissue” (i.e.
minimally irradiated tissue). The authors concluded th&Tould be effective for
certain brain tumours, for example, shallow, brain sterorgés in small children.

SinceSlatkin et al.(1995, there have been almost twenty articles published in
international journals in which animals (rodents mostlgyéd been irradiated with
synchrotron MRT. An intriguing aspect to synchrotron MRTHat all the published
literature, researchers agree on findings that are quitel mmd somewhat counter
intuitive for radiobiology. These findings, and a review afedection of MRT papers

follows in the next section.

2.3 Synchrotron MRT: Normal Tissue Studies

Figure 2.5 tabulates a summary of the findings for a selectiolormal tissue studies
in MRT between 2000 and 2007 and shows at a glance the irealdsabjects, the ge-
ometry of the beams, the peak and valley doses and the plratservations. The
paper bylLaissue et al(2001) was an important piece of work because, for the first
time, itincluded data on behavioural and neurologicaktpstformed on the animals
post-irradiation. Between 12 and 15 months post-irragiiatine pig presentation and
behaviour were normal as observed and tested by experiéartedrs and veterinary

scientists blinded to which piglets were irradiated or shaadiated. Their results
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Author, Date Subject Beam
geometry
Schweizer et al., Drosopohila 25 um/100 pm,
2000 Melongaster
(fruitfly)
Laissue et al., Weaning piglet = 25 um/210 pm,
2001 cerebellum 15 mm x 15 mm
field size
Zhong et al., 2003 Rat skin 90 pm/300 pm,

1.5 mm x 35 mm

field size
Blattmann et al., = Chorio-allontic 27 um/200 pm,
2005 membrane (Chick
egg)
Dilmanian et al., Expt. 1 — Rat 270 - 680 pm
2006 spinal cord wide, 4 mm

spacing (fig. 2.7a)

Expt. 2 — 680 um wide,
Rat brain 1.36 mm spacing,
8 mm x 10.2 mm
field size (2.7b)
Expt. 3 — 2 x 680 pm wide
Rat brain interlaced beams,
1.36 mm spacing,
34x34x34
mm’ cube (2.7¢)
Serduc et al., Mouse brain 25 um/210 pm,
2006 4 mm x 4 mm
field size
Dilmanian ef al., Expt. | —Bovine | 27 pm wide, 6
2007 endothelial cells  mm long, 2 mm
in culture separation
Expt. 2 — Rat 270 pm wide, 2

spinal cord mm high, 2 mm

separation
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Peak & Valley
Dose(s)/Gy

75 - 3000

Valley doses not _
stated

150, 300, 425,
600,
7-28

8351335
21-33

300 - 1200

Valley doses not _
stated

400

110 - 170
~12-19

90 - 150
~15—25 (non-
interlaced region)

312, 1000
6. 19

24

Valley dose not _
stated

750

Valley dose not _
stated

Principal Findings

High dose MRT only slightly
disturbed morphogenetic process.
Sharply delineated lesions seen in
compund eye, wing and abdomen

corresponding to irradiated
microplanes

Irradiated piglets were
developmentally, behaviouraly,
neuroligically normal 15 months post-
MRT. Tracks observed in cerebellum
(fig. 2.5).

Skin had extremely high tolerance to
MRT, attributed to surving clonogenic
cells between beams.

Massive damage observed in
microvascular regions traversed by
microbeams but not between beams,
vascular 'bridges' seen post MRT
across areas directly in path of
microbeam (fig. 2.6).

In 680 um group, 1/4 rats culled due
to paralysis, remaining rats regained
leg strength by 1 month. Weight
differences c.f. control group, but
rotorod performance returned to
control levels by 1 month. Spinal cord
tolerant of thick microbeams.

Radiation tolerated by rat brain up to
170 Gy with some hyperactivity which
subsided by 5 h post-MRT. Rats
gained weight normally, no signs of
limb weakness

No significant effects with 90 and 120
Gy but significant oedema and
atrophy in 150 Gy group

No changes in cerebral blood volume

or vascular density by 3 months post-

MRT. Temporary blood-brain barrier
disruption in 1000 Gy group.

Path of microbeam visible as straight
row of dying cells, characteristic of
apoptosis.

Cell loss of oligodenrocytes,
astrocytes and myeline 2 weeks post-
MRT, repopulation and re-myelination
by 3 months. Postulate existence of
'beneficial' bystander effect.

Figure 2.5: Summary of MRT normal tissue studies: 2000 - 2007
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showed the normal developing porcine cerebellum coulddtdevery high radiation
doses, when delivered as planar microbeams. There was alidemage to nor-
mal tissue, despite application of much higher doses thasethsed in conventional
radiotherapy. In addition, there appeared to be rapid regfaacute microscopic
lesions by adjacent, minimally irradiated cells. Histotzd) staining showed, quite
remarkably, that 15 months post-irradiation, the path efrtticrobeams through the
cerebellum remained ‘imprinted’as visible tracks or &sgFigure 2.6). Their inter-
pretation of the results, they felt, gave credence to tha @feMRT as a treatment

option for agressive and fatal paediatric brain tumours.

Figure 2.6: Histological stain of pig cerebellum 15 montbstgrradiation reprinted
from the paper by aissue et al(2001). The path of the beams through the tissue
is clearly visible as regions of less dense cells. Copyrigh01) SPIE. Image used
with permission.

Zhong et al(2003 reported histological results from irradiated rat skinl pos-
tulated that the high tolerance of rat skin to MRT and thedapgeneration of the
damaged segments of skin were due to surviving clonogeiig(seem cells) located
between the microbeams (that is, in low dose regions). Thwealialso noted that
the characteristic MRT tracks, seen in the cerebellum (E€i@u6) byLaissue et al.

(2001 andSlatkin et al.(1995, were not visible in skin using conventional histol-
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ogy.

Blattmann et al(2005 described the rapid formation of new capillaries in the
microbeam-damaged vasculature of living chick embryo ichaltontic membrane
(CAM) (Figure 2.7). Blattmann et al.'s results are intriggi However, care should
be taken in interpreting these results. The developingeless the CAM may be
much more sensitive to radiation than adult vessels bedhegeare actively grow-
ing. However, because of the active growth, they may wet apair much more
easily. ie: the CAM is a vasculogenesis/angiogenesis mauohel is not necessar-
ily representative of typical adult organs, where vessaigi@ore stable (Peter A.W.
Rogers, personal communication). Hence it is possiblettieeffects seen in the
CAM would not be seen in other adult organs, such as brainior gkere different
tissue-specific responses might exist. More experimemti@ on a range of normal

tissues and tumour types are required.

Figure 2.7: Capillaries forming vascular bridges (showmijte arrows labelled B)
in MRT-irradiated chorio-allontic membrane, reprintedrfrBlattmann et al(2005.
Copyright (2005), with permission from Elsevier.

Dilmanian et al(2006 described three experiments in which the CNS of normal
rats were irradiated with microbeams as wide as @80 Their experimental setup
is shown in Figure 2.8. Note the microplanar nature of thédivet beams; the di-
mensions may be tens or hundreds:of in one direction but tens of mm in the other
direction.

These experiments bRilmanian et al.(2006 represent a departure from the
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Figure 2.8: Irradiation setup for three experiments repeed fromDilmanian et al.

(2000; (a) Tolerance of the spinal cord of rats to thick microbsa(h) Tolerance of
the rat brain to thick microbeam arrays, (c) Dose localigatising interlaced thick
microbeams. Copyright (2006), National Academy of ScientéSA. Image used
with permission.

more traditional MRT experiments, which used beams no widen 90;m. The
authors reasoned that if animals could tolerate these widerobeams (or mini-
beams), it might then be feasible to deliver similar beaniisgua non-synchrotron
X-ray source. In one experiment, the authors irradiatesiwéth an orthogonal pair
of interlaced, thick microbeams (Figure 2.8c). The bearssmbled broad beams in
the interlaced region and perhaps unsurprisingly, theaasitteported notable dam-
age to brain tissue in this region (including atrophy, oedexmd enlarged ventricles)
when in-beam doses of 150 Gy were delivered.

Dilmanian et al.(2006 claimed that this interlaced, thick microbeam technique
might have clinical implications and applications. Howewbe interlaced method
does not provide a conformally-shaped distribution (whiehauthors admit), rather,
an almost seamless cube of high dose in three dimensionsiésaged. This might
ablate any tumour but may cause unacceptably high normsakti®xicity. The inter-
laced method at such doses may not be appropriate for anlerggshaped tumour.

In another experiment (reported in the same papigitinanian et al.(2006 ex-
posed the spinal cord of normal rats to doses of 400 Gy and kedins of 680um
(Figure 2.8a). The damage imparted to the cord was only matelereminiscent of
the spinal cord work described byopewell et al.(1987) andvan der Kogel(1993
(but at higher doses) and may be a good example of the voluiet ahd functional
response, discussed in section 2.1.4.

The work byDilmanian et al(2006) further highlights the need for more exper-
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imental work on different beam widths. It is quite likely thdifferent tissue types
and tissue architectures will have different responsesthisdtoo requires further
investigation.

Dilmanian et al(2007) postulated the existence of a “beneficial” bystander effec
in MRT, leading to normal tissue restoration. Signals betwhit cells and neigh-
bouring, bystander cells may be either transmitted by dgeskor growth factors,
or via direct cell-cell communication. They postulate thienmbeam effect, may
be a type of tissue recovery proce&ilmanian et al(2007) also described the mi-
gration of the endothelial cells post-irradiation into #paces once occupied by the
directly irradiated cells. They then speculated that reaton of glial cells could
have been due to the migrating cells subsequently undergoiliferation, differ-
entiation and producing new glial cells and myelin. Theydtjesise the bystander
effect initiates these events. Unfortunately, there areorcrete data to support or
refute this hypothesis yeDilmanian et al.(2007) noted that the stimulation of cell
proliferation has yet to be studied, but that it could be fiegti experimentally with
bromodeoxyuridine-labelled cells. Such a test would @g@gtgprove useful, espe-
cially if it were possible to visualise the irradiated cellsd discriminate them from

unirradiated, or minimally-irradiated cells.

2.4 Synchrotron MRT: Tumour Studies

Laissue et al(1998 at the Brookhaven National Laboratory (BNL) performed the
first synchrotron microbeam radiation therapy on tumoutsgi®sarcoma in rats).
Rats were irradiated with either a single array (uni-dicewl) of parallel micro-
beams or two orthogonally crossed arrays (Bi-direction&lnicrobeam radiation.
MRT to the gliosarcoma slowed the growth of these aggressideusually fatal tu-
mours, and in more than half the rats, eliminated them. Agisigf tissue structure
showed severe damage only within well demarcated, orthradtyooross-irradiated

regions, never in uni-directionally irradiated regionsnlyYDminor damage was ob-
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served in regions of rat brain irradiated unidirectionallyis paper was a landmark
paper, because it was the first to show actual tumour abladdRT and not just
normal tissue damage/repair. Some histology data wasdedlin the paper, but it
would have benefited from immunohistochemistry techniguaesparing normal and
tumour tissue.

Since the paper dfaissue et al(1998, there have been at least 5 more papers
describing the effects of MRT on tumours. The papers can\adedl into MRT to
9L gliosarcoma in rats, or, MRT to other tumours in mice. F&gQA.9 tabulates a
selection of the 9L gliosarcoma studies in rats, and as imdigB for normal tissue

studies, summarises parameters such as beam geometrgndigencipal findings.

Author, Date Subject Beam Peak Dose(s)/ MeST/days' Principal
geometry Gy (no. of rats) Findings
Laissue et al., 9L glioma in 25 um/100 um, 0, Control 20 (9) Tumours
1998 Fisher rats 12 mm high 312 bi-directional 116 (11) completely
101 parallel beams 625 unidirectional 44 (11) ablated in over
625 bi-directional 159 (14) half of the rats
Dilmanian et al., 9L glioma in 27 um/50 pm 150, 250, 300 98, 136, 55 (5) Smaller beam
2002 Fisher rats 27 pm/75 pm 250, 300, 500 171, 62, 31 (6) spacings causes
27 pm/100 pm 500 170 (3) increased toxicity
9 mm x 10.4 mm 0, Control 19 (17) to brain owing to
field size increased valley
doses.
Smilowitz et al., 9L glioma in 27 um/211 pm 0, Control 9 (14) GMIMPR + MRT
2006 Fisher rats 11 mm x 10.1 mm 625 unidirectional 39 (25) improves survival
field size 625 uni + IMPR 39 (14) c.f. MRT alone.
625 uni + 46 (14) Immunologically-
GMIMPR based mechanisms
responsible for
synergy?
Regnard et al., 9L glioma in 25 um/100 pm 625 unidirectional 67 200 pm spacing
2008 Fisher rats 25 um/200 um 625 unidirectional 40 protocol provides
0, Control 20 better sparing of

healthy tissue, but
reduced MeST

¥ Median Survival Time in days, post-inoculation
IMPR — Immunoprophylaxis
GMIMPR - Gene-mediated immunoprophylaxis

Figure 2.9: Summary of MRT glioma tumour studies, 1998-2008

Dilmanian et al(2002) irradiated rats bearing 9L gliosarcoma tumours to assess
the dependence of tumour control and normal tissue damageamn spacing and
dose. The authors contrasted this with the worldadl et al(1990 who performed

single exposure, broad beam irradiations of 9L gliosareata?22.5 Gy and noted
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a median survival time of only 34 days with severe depletibnemrons. Statistical
analysis suggested that MRT at 75 micron beam spacing anGg50creased sur-
vival for the rats compared to the other groups. The autHssshowed that the 27
1m beam width, 5Q:m spacing, geometry (27/50m) gave reduced animal survival
with higher MRT doses (200 and 300Gy in-beam doses) when amdpto 27/75
pm with 250Gy. The valley dose as a percentage of the peak dake centre of the
array was estimated (Monte Carlo simulation) to be 20%, 108d&6 for the 5Q:m,
75 pm and 100um groups respectively. These workers concluded that, &02:n,
significant radiotoxicity was occurring in the brain, thusyiding the first evidence
for a minimum functional spacing and dose combination forTMRnportantly, in
histological studies, no tumour residues were visualisegight samples where the
tumours were ablated with MRT. Also, the brain tissue showeethrkably low levels
of damage and for some configurations of beam spacing and ideg&s impossi-
ble to demonstrate any differences between the MRT-irtadiaormal tissue and the
unirradiated control.

The paper byDilmanian et al.(2002 was an important paper in the field, be-
cause it reported a systematic attempt to identify phygieahmeters (in this case,
the microbeam spacing) which would lead to differentialldojical outcomes. The
limited MRT studies published to date have used collimatmfigurations that typ-
ically produced microbeams of 20-30n width, with centre to centre beam spacing
in the range of 50-30@xm. Two further studies have compared different collima-
tor configurations within the same set of published expenism@iura et al, 2006
Regnard et al.2008).

In Dilmanian et al.(2003, the authors compared the therapeutic efficacies of
single fraction, unidirectional co-planar microbeam®ssrplanar microbeams and
broad beams from a synchrotron source. Figure 2.10, redfessam Dilmanian’s
2003 paper, illustrates the differences between co-plandrcross-planar micro-
beam.

Dilmanian et al.(2003 irradiated mice, inoculated in their hind leg with the
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MICROBEAMS

\AAAAAAAAAS
\ T

co-planar MRT

mouse body

cross-planar MRT

— 71

Broad beam

mouse tail

Figure 2.10: Schematic diagram, adapted fiditmanian et al.(2003) illustrating
the differences between co-planar and cross-planar MRT.

EMT-6 tumour (a type of mammary tumour). The microbeam wigés 90 m wide
with a peak-to-peak spacing of 3@@n. The valley doses in the centre of the array
were approximately 2% and 4% of the peak dose for the co-pkamé cross-planar
irradiations respectively. Tumour ablation rates were 4/8 and 6/7 for incident
cross-planar microbeam doses of 410, 520 and 625 Gy regglgctfumour abla-
tion rates were 1/8, 3/8, 6/8 for incident broad beam dos&3080, 38 and 45 Gy
respectively. However, the incidence of acute and delageahal tissue toxicity was
significantly lower for cross-planar microbeams compaceithat from broad beams.
In addition, severe leg dysfunction was reduced for the ohieam group compared
to the broadbeam group post-irradiation.

The findings ofDilmanian et al.(2003 showed that spatially fractionated mi-
crobeams can ablate tumours at high rates with little notieslie toxicity. Addi-
tionally, the authors noted that, cross-planar MRT gave eernfevourable balance
between tumour control and tissue toxicity compared tolaogr and broad beam.
At the highest dose of cross-planar MRT (650 Gy), 86% of tureewere controlled
(6/7), yet none of these animals developed leg complication

Dilmanian et al(2003 presented the first MRT tumour studies in an organ other
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than the brain. The central nervous system (including tlaénpiis a unique and
highly specialised organ, composed of neurons, glial celigodendrocytes and as-
trocytes . A subcutaneous mammary tumour in the leg of a misugery different
tissue to the CNS and may have a different response to ignisitiation than the
brain. Dilmanian’s 2003 study on the EMT-6 tumour in a mowsg tould also have
benefited from histology or immunohistochemistry data.

Miura et al. (2006 reported radiosurgical palliation of a squamous cell iearc
noma inoculated into the hind legs of mice. The doses usediimad research
were 442 Gy, 625 Gy or 884 Gy from 3@m wide beams, or 442 Gy from 7m
wide beams. Increased normal tissue damage occurred iOtd@07compared to the
35/200um treatment groups. The authors also performed convemtiadmtherapy
studies using a kilovoltage generator and delivered 25 G3b60By broadbeams to
SCCVIll-inoculated mice (squamous cell carcinoma, a vergsgive tumour). The
median survival time for the 35 Gy group was 20 days. By compar the median
survival times for the 884 Gy/3bm and 442 Gy/7Q.:m groups were 41 days and 38
days respectively.

The authors concluded that MRT gave better palliation ottineour than broad
beams. The authors did not attempt to explain the radiopicdd mechanisms of
MRT. Again, there was no histology or immunohistochemigtsrformed on the
irradiated tissue sections.

Numerous hypotheses have been suggested to explain thealimesponse of
tissue to synchrotron MRT. However, no firm and conclusiviel@we has yet ap-
peared in the literaturd.aissue et al(2001) described the peak-valley-dose ratio as
being a radiobiologically crucial parameter, dependenthenwidth and spacing of
the microbeams, the energy spectrum and the depth in tigghe point of interest.
Dilmanian et al.(2002 postulated the tumouricidal effect of MRT was due to the
failure of the tumour microvasculature to recover from thR(in contrast to the
microvasculature of normal tissue, which presumably deeswver) leading to loss

of tumour blood perfusion and ultimately, to death of the dum Spatial fractiona-
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tion of synchrotron-generated X-rays into an array of nbe@ms may allow normal
tissue to repair itself. Despite peak microbeam doses diiteals of Gy, the signifi-
cantly lower doses between adjacent microbeams may céilesé ny damage and
may in fact promote repair through a biological process sagcthe bystander effect
(Dilmanian et al. 2007 or a stem cell recovery procesdhpng et al, 2003. More
detailed histological/immunohistochemical studies dearnty required in an attempt
to tease out the cellular responses of normal and maligissoetto MRT.

In a recent papeiSerduc et al(2008) irradiated nude mice which had been in-
oculated with rat 9L gliosarcomas. The authors wanted toacherise the effect of
MRT on the microvascular parameters of the apparent diffusbefficient, tumour
blood volume and vessel size, using MRI scanning technigbese novel immuno-
histochemistry data were also presented. The MRT parasetere; 25:m beam
width, 211 m spacing and in-beam dose 500 Gerduc et al(2008 showed that
“MRT increased the mean survival time by a factor of 1.34”. wdwer collagen
IV immunohistochemistry (a blood vessel marker) and magmesonance imaging
(MRI) data showed that MRT did not reduce the tumour bloodiva as one would
have expected if the hypothesis outlineditmanian et al(2002 were true, thereby
indicating that “the action mechanism of MRT may involve mtran the previously
hypothesized vascular effedtdissue et a).1998 Dilmanian et al.2002".

Serduc et al(2008 concluded that the MRI and histological results indicated
the increase in the survival time may have been due to cydotiuh (cell loss) rather
than to an acute effect of ionising radiation on the tumoabdlvessels. Tumor ves-
sels appeared perfused up to 28 days post-irradiation henah¢asured microvascu-
lar parameters did not seem to be predictive of treatmecbout. The authors stated
that (in their particular experiment) the action mechamgmRT on 9L gliosarcoma
tumor did not involve a significant microvascular componantl that the cellular
processes implied should be further investigated.

In this thesis, such an investigation is reported. The datavs in Chapters 5

and 6 of the thesis exploit immunohistochemical techniqaexplore the biological
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response of normal and malignant tissue sections post-MiRInext chapter (Chap-
ter 3) provides background information on synchrotrons \ahyg they are essential
for MRT. It also describes some fundamental radiation desiynfor MRT, and the

physical properties of radiochromic film.



CHAPTER 3

Physics and Dosimetry for

MRT

3.1 On Synchrotrons

What is it about synchrotrons that make them so useful for MIRduld MRT be per-
formed usefully on a hospital kilovoltage or megavoltagea)-generator? The pur-
pose of this section is to provide some background on thegptiep of synchrotron
X-radiation and to explain what makes synchrotrons so Isigitandeed critical, to
implement MRT.

Conventional X-ray sources such as radiology and radiafiyeunits produce ra-
diation by colliding charged particles (electrons) withighhatomic number target
such as tungsten. The electrons decelerate and part oktheiic energy is emitted
as X-radiation. Radiation produced in this manner is refitto asbremsstrahlung
from the German word for braking. X-rays can also be produmedausing transi-
tions between different atomic orbitals and is ternshdracteristicradiation.

Synchrotron radiation (SR for short) is produced in a dédférbut related man-
ner. SR refers to electromagnetic radiation emitted bytividéic, charged particles
following a curved trajectory in free space under the infaeenf a magnetic field

(Podgorsak2009. SR is produced on an enormous scale by astrophysicaltsebjec

29



30 CHAPTER 3. PHYSICS AND DOSIMETRY FOR MRT

such as pulsars in supernova remnants. Terrestrial SR wasliserved in 1947 in
the electron synchrotron particle accelerator at the Géfgectric research labora-
tory in the USA. Since the effect occurs in the presence ahgtmagnetic fields
which maintain the charged particles in a circular trajgctid is sometimes referred
to asmagnetic bremsstrahlung

Developments in SR production continue apace today. The& modern ma-
chines, called third-generation machines, are designddliwer high intensity, com-
pact, highly focussed beams with a very small source sizect8gtrons such as the
ESRF in France, the APS in the USA and SPring-8 in Japan anedHd's biggest
third generation synchrotron sources.

The important components in a synchrotron are shown scleathatin figure
3.1, (courtesy of the Australian Synchrotron). Electroresamitted by an electron
gun, are accelerated down the linear accelerator to anyeagtige order of 100 MeV
where they are transmitted to a booster synchrotron whicklaates the electrons
to an energy of 3 GeV. From the synchrotron, the electrongheme moved to the

large storage ring which they orhit vacuofor many hours.

(3) Then they pass into the booster ring

(2) And initially where they are accelerated to 99.9999% of
accelerated in the the speed of light
LINAC

(1) Electrons 5 '

generated here ' _

into the storage ring

(5) Experimental
station/hutch

Figure 3.1: The important components in a synchrotron, tegyrof the Australian
Synchrotron. Image used with permission.
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Sextupole and quadrupole magnets correct and focus thieogldaeam to a nar-
row pencil beam, and dipole bending magnets, positionedsatede locations pro-
duce synchrotron radiation tangential to the path of théiagbelectrons. The elec-
trons lose energy during each turn in the storage ring, dbttegion of the bending
magnets, so energy must be returned to them through the fbatectiromagnetic,
radiofrequency pulses. These pulses as well as the variatiime of the magnetic
field are synchronised (hence the term synchrotron) to ntachnergy losses of the
electrons and thus keep the orbiting radius and energy aatnst

At non-relativistic energies, electrons in circular matiadiate electromagnetic
waves in a dipole pattern (doughnut-shaped). At relattvishergies however, the
pattern becomes sharply peaked in the direction of motioth@felectron l(ewis,

1997, as shown in figure 3.2.

ELECTRON ORBIT

—~

~
ACCELERATION >

) ARC VIEWED
BY OBSERVER

ELECTRON ORBIT

-

ACCELERATION

— <« &

CASE I : $<<| CASE I : g =1

Figure 3.2: Radiation emission pattern of electrons ine@utar motion: Case I, non-
relativistic electrons, case I, relativistic electrorReproduced from Chapter 2 of
Winick (1980. Copyright (1980). Image used with the kind permission pfiigyer
Science and Business Media.

Electrons in a synchrotron must be treated using Einst#iesry of special rela-
tivity. The energy of a relativistic electron with velocityis (Nielsen and McMorrow

2001);

E=~-mg-c?, (3.1)
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wheremy is the electron’s rest-mass afids the Lorentz contraction factor, given by

v = # (3.2

Vi-4

It can be shown that SR is emitted within a naturally colliethtone of angle
0 ~ % = mOTCQ in the vertical direction. This angle is typically around2Qor 0.1
milliradians inick, 1980. Each bending magnet in the storage ring therefore pro-
duces a fan beam, highly collimated in the vertical diratti@ith a broad spectrum
ranging from the far infra-red to hard X-rays, which can beectied to a beamline
hutch for experimental purposes. Large synchrotron faslisuch as SPring-8 in
Japan have over 40 beamlines all operating simultaneously.

There is also the means to produce more intense beams themphaduced by
a bending magnet source. So-called insertion devices étkmigglers and undula-
tors) can increase the brilliance of the X-ray beam by séweders of magnitude
compared to bending magnets. Figure 3.3 illustrates tlagivelbrilliance spectrum

of a variety of radiation sources. Brilliance is a usefulgmaeter to compare the

quality of radiation from different sources. The brillianis given by

Photons/sec
(mrad)? - (mm?2sourcearea) - (0.1%bandwidth)

Brilliance =

(3.3)

The brilliance, a function of photon energy, is a figure of itrthat rolls the flux,
the collimation and source size and the spectral distobutito one single quantity
(Nielsen and McMorrow2001). The maximum brilliance for 3rd generation undula-
tors is about 10 orders of magnitude greater than that faiadimg anode-style X-ray
generator that one might find in a hospital radiology depantmSuch dramatic im-
provements has led to a paradigm shift for performing expental X-ray science.
Experiments deemed impossible 20 years ago are how petdasmsynchrotrons on
an almost routine basis.

In a 1980 textbook on SRVinick (1980 summarised the properties of SR as

follows;
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Figure 3.3: Brilliance of various radiation sources. Caglytr (2008), Japan Syn-
chrotron Radiation Research Institute. Image used witmjssion.

1. Very high intensity
2. Broad spectral range
3. High polarisation
4. Pulsed time structure
5. Natural collimation
In addition, Winick notes that the SR produced by storaggsrivffers;
1. High vacuum environment
2. Small source size

3. Stability
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In a detailed review of the medical applications of SR fror®Z,.9Robert Lewis
stated that it was the combination of these properties tledenSR a unique and
very powerful source for a wide range of scientific and techihapplications in bi-
ology and medicine, including angiography, mammograpbgmuted tomography,
diffraction enhanced imaging and radiotherapgwis, 1997).

From the perspective of radiotherapy applications, a syridm produces very
intense X-rays with a photon flux (humber of photons per ur@aaper unit time)
several orders of magnitude greater than for x-rays pratilbgemegavoltage lin-
ear accelerators for radiotherapy. The useful mean endrgynzhrotron X-rays
for therapy purposes is approximately 100 keV. At this epdtge probability of
Compton scattering events in tissue is low, and the disttnagelled by secondary
electrons is only of the order of tens of microns, as the petdric effect domi-
nates Nielsen and McMorrow2001). In addition, the minimally divergent x-rays
(approximately 0.1 milliradians) allow a quasi-parallelam to travel a distance of
more than 40 metres in air. This technique permits an arrayiafobeams to be de-
livered, where a high peak dose relative to a low valley desebe maintained. Such
radiation fields can be delivered deep in tissue with miapsally sharp absorbed
dose gradients at the field edgesicsue et a).1999. Importantly, the very high
beam intensity achieved on a synchrotron mean that very dogles can be deliv-
ered in a very short period of time to objects on the dimeradisnale of a cell (tens
of um). The synchrotron is therefore an ideal X-ray source farcanique such as

microbeam radiation therapy.

3.2 Fundamentals of Radiation Dosimetry

lonising radiation causes measurable changes when iagttewith matter. The sci-
ence of dosimetry is concerned with ways to measure thesgebalt is of tremen-
dous importance to radiotherapy and human health. Thersuanerous textbooks

on dosimetry which describe the subject in great detail.niptas include; Johns &
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Cunningham’sThe Physics of Radiologithan’sThe Physics of Radiation Thergpy
Attix’s Introduction to Radiological Physics & Radiation Dosimgtand Greening’s
Fundamentals of Radiation Dosimetryhe purpose of this chapter is not to give a
detailed overview of radiation dosimetry, rather to reviese aspects of dosimetry

relevant to microbeam radiation therapy (MRT).

3.2.1 Description of a radiation beam

There are two different facets to dosimetry; describingafuperties of the radiation,
and describing the amounts of energy deposited by thattiadlizmn matter. Looking
firstly at how one might describe the radiation beam, thezeaarumber of quantities
and units to be considered. These have been formally defiypdlebinternational
Commission on Radiological Units (ICRU) in for exampReport 33 Radiation
Quantities and Unitspublished in 1980.

1. The fluence®) of photons is defined as the quotiehly by da, wheredN is

the number of photons that enter an imaginary cross-settaopada.

dN
b =—. 3.4
1o (3.4)
2. The fluence rate, or flux density)(is the fluence per unit time.
dd
= — 3-5
o=— (35)

3. The energy fluencel() describes the amount of energy crossing unit area for

photons with energy:hand is given by

g W -hv (3.6)
da

4. The energy fluence rate, or flux density, or intensityié the energy fluence per

unit time

dv

The above identities and definitions mask a complexity; madiation beams are

composed of photons of different energies, they are ‘pobywiatic’. To describe a
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polychromatic beam one needs to know both the nunaberthe energy of all the
photons in the beam and this information is not easy to olgzperimentally. A

distribution of photons of a given energy is referred to agecsum.

3.2.2 Measurement of ionising radiation: exposure, electnic

equilibrium & the free-air ionisation chamber

A radiation beam may also be described in terms of exposumeaaure of the ability
of a radiation beam to ionise air. The units of exposure aedbntgen (R).

In 1928, the ICRU formally adopted the roentgen, R, as thefanineasuring the
exposure from X and radiation. The exposure (X) was more recently (1980) defined
as “the quotient oflQ by dm whered(@ is the absolute value of the total charge of the
ions of one sign produced in air when the electrons (negaigpositrons) liberated

by photons in air of masém are completely stopped in air IGRU, 1980),

_

X =" (3.8)

The exposure is thus a measure of the ability of the radiatioionise air. The
Sl unit of exposure is coulomb per kilogram. The roentgenjsRa special unit
(1R = 2.58210~*Ckg~1) which is still in use for dosimetry purposes and indeed
was used for exposure and dose measurements in the MRTreepésidescribed in
the next chapter.

In order to more fully appreciate the requirements of thenitédih of exposure,
consideration must be given to the concept of electronicli@rged particle) equi-
librium, and a description of the free-air ionisation chamb

Figure 3.4 is a schematic diagram illustrating electromjailébrium in a free-
air chamber and is useful to define the roentgen. An X-ray bheasses through an
aperture of known area, enters a metal box and passes thadugle on the far side
of the box, without striking anything in the box other thae tir it contains. As it
interacts with the air, the X-ray beam will set in motion sedary electrons, which in

turn will produce ionisation along their tracks. The sefiareof the electrodes in the
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chamber are such that the vast majority of electrons redeimsthe shaded volume
in figure 3.4 lose all their energy before they can reach theteldes or chamber
walls. A high potential difference between the collectingceode (of length L)
and the high voltage electrode sweeps the ions (producdtishtaded area), to the
collecting electrode over timA t. %‘f constitutes a current, which can be measured

by an electrometer.

‘——1|||||—_.T_

' Lead-Lined
e Box

Collecting Volume

| __——

X-ray Beam

Diaphragm

\
Guard Wires Collecting Guard Electrode
Electrode N
o

Electrometer

Figure 3.4: Electronic equilibrium & the free-air ionigati chamber. Reproduced
from Khan (2003. Copyright (2003) Lippincott Williams & Wilkins. Image ed
with permission.

For the free-air ionisation chamber in figure 3.4, a highagt (of the order of
2000 V) is applied across the plates to collect ions prodbetdeen the plates. This
ionisation is measured over a length, which is determined by guard wires and
guard electrodes, The ions are therefore collected fromfiaadkvolume. Impor-
tantly, some electrons produced in the specified volumesgiefh®ir energy outside
the region of ion collection and thus are not measured. Hewelectrons produced
outside the specified (shaded) volume may enter the ioeatiy region and pro-
duce ionisation there. If the number of ions listtcompensated by the number of
ions gainedthen a condition of electronic (or charged particle) efiiim exists.
Under this condition, the definition of the roentgen is siiisand this is the principle

behind the free-air ionisation chamber.
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If AQ is the charge collected in coulombsijs the density of aifkgm =3, then

the exposureX, at the centre of the specified volume (paifts

AQ 1
X =
P A, L 258 x 104

roentgens (3.9

Where A is the cross-sectional arém?) of the beam at poing and L is the length
(m) of the collecting volume. A similar approach was used forasype and dose
measurements in the MRT experiments described in the naxteh

The condition of electronic equilibrium can only exist ifetihange of electrons
liberated by the incident photon beam is less than the distaatween each plate and
the specified, interaction volume. As the X-ray beam ensrigierease, the range of
the electrons liberated in air increas&hén 2003. For example, a 3 MeV photon
propagating in air can produce electron tracks 1.5 metreg(mhns and Cunningham
1983 which gives some idea of the size of the air chamber requoedeasure the
exposure from such radiation. Large plate separationsecpgablems of ion recom-
bination, photon scatter and air attenuation. These pmublgace an upper limit on
the photon energy above which the roentgen cannot be melaaccarately, and in-
deed this limit occurs at approximately 3 Melbfins and Cunningharh983 Khan,
2003.

In practice however, simply because of size, the free-aindber is limited to
radiation beams with energies of approximately 300 keV,rdam of kilovoltage
and orthovoltage radiotherapy and diagnostic radiolodye ffee-air chamber is not
suitable for use in megavoltage radiotherapy primarilytfar practical reasons out-
lined in the previous paragraph. However, it is a very usefahdard of exposure
and a related concept, kerma, which will be described in the section. Free-air
chambers are predominantly used by national standardsatalies and synchrotron
facilities. They are not routinely used in hospital radertpy departments, where the
thimble-shaped, Farmer chambers and parallel plate chandre the normkhan,
2003.
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3.2.3 Measurement of absorbed dose: the relationship betwn

exposure, kerma and dose

The transfer of energy from a photon beam to the medium witichwit interacts is

a two-stage process. Stage (a) involves the photon integasith an atom, causing
one primary, and many secondary electrons, to be set in mdfiwe photon transfers
some or all of its energy to an electron, imparting it withetio energy. Stage (b)
involves the transfer of energy, from the energetic electoothe medium, through
excitation and ionisation. These stages are illustratdayure 3.5. The electron in
turn will give up its energy along its track. The transfer okgy at Stage (a) is
called ‘Kerma’and along (b) is ‘Absorbed Dose’. Kerma occat a point, whereas
absorbed dose occurs further ‘downstream’, over a rangal éguhe range of the

electron §ohns and Cunningharti983. The ICRU have defined KERMA (Kinetic

(a)

hv
(b)

delta ray

KE %
bremsstrahlung

hv”

Figure 3.5: Air kerma, energy transfer and dose. Refer toekiefor an explanation
of (@) and (b). Adapted from Chapter 7Johns and Cunningha(t983).

Energy Released in the Medium) as the quotiend Bf,. by dm, wheredE,, is the
kinetic energy transferred from photons to electrons inlarae element of masén

(ICRU, 1980.

K = 4 (3.10)

dm
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The unit of Kerma is the Gray (Gy). 1 Gy = 1 J/kg. For a monoegigrgoeam of

energyhv, the kerma is given by

K=o (%) Ey, (3.11)

=

Where% is the mass attenuation coefficient for the medium aidis the average
energy transferred to electrons of the medium at each titera For a spectrum of

energies, the Kerma is defined as

Pwmaz 4@ (hv) ( (hv)

K= d(hv) p

) - By (hv)dhv (3.12)

hmin
which is the integral of the kermas from the photons at eaelngsrin the spectrum
(Johns and Cunninghar983.

Exposure and kerma are closely related. The exposure tsdédlathe part of the
kerma associated with ionisation, but not bremsstrahluoduction, and is termed
the collision kermaf . The collision kerma in air can be calculated from the ion-
isation charge produced per unit of energy deposited byopisotThe mean energy
required to produce an ion pair in dry air is virtually comgtéor all electron energies
and has a value dV = 33.97 eV/ion pair Greening 1985 Khan, 2003. If ¢ is the
charge on the electron (1.60218~'° C, then? is the average energy required to

produce unit charge of ionisation and henge,: 33.97J/C. The exposure is given

by

X = (K - (). (3.13)

Because@ is a well-defined numerical parameter, it can be seen thafrdlecair
ion-chamber can act as a standard of air kerma as well asuep@reening 1985.
In the presence of electronic equilibrium, the dose at atpoia medium is equal
to the collision kermaKhan, 2003. The dose in airD,;, is given by
w
Dair = (KCOl)air =X (_) (314)

e

This is the relationship used to calculate the in-air emteathose for the MRT exper-

iments at the SPring-8 synchrotron, described in Chaptargi%.
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The absorbed dosk,,,, in some other medium is given bg{eening 1985

Wair  (55)m

€ ( 'u;n )air

Dp=X-

, (3.15)

Where‘% is the so-called mass-energy absorption coefficient. ‘¢abtﬁé;—" for var-
ious materials are published in textbooks and on internéisikes, for example, the
website of the National Institute of Standards & Technol@gubbell and Seltzer
1996.

Hen
The ratio (u;’

( pn )air

close to air. The values of this ratio for water and air onlyyvay a few percent

m

varies slowly with energy for materials with an atomic numbe

between 100 keV and about 10 Me@reening1985. As a consequence, the photon
energy does not need to be known very accurately in ordertéordane the absorbed
dose to water from an exposure measurement, providing tiditeans of electronic
equilibrium are satisfied.

It is important to note that there is an assumption inhemour calculations of
peak dose, based on the ionisation chamber readings, wagdras further con-
sideration. Calculation of dose requires knowledge of tleasnred cross-section of
the beam. We have assumed that the microbeam intensitygsrafié perfect rectan-
gles or top-hats, and the valley dose is zero Gy (perfech@dter). The ionisation
chamber records charge from the ionised air volume whichitaigly must include
a valley dose component. The dose calculation does notnékeccount the valley
dose and dose from the penumbral regions of the beam. Asewitéported in Chap-
ter 4, the contribution from these regions are less than 58eofnaximum dose and
is sufficiently low to be ignored.

Knowledge of the energy spectrum allows one to calculatkehma, using equa-
tion 3.12. The energy spectrum of the X-ray beam on beamIir28B2 at SPring-8,
after 3 mm Cu filtration, is shown in figure 3.6, plotted on alog scale. The spec-
trum was generated using the computer program, SPECTR#i¢ver.2), described
in Tinaka and Kitamurg2001). The calculated spectrum in this instance incorpo-

rates the actual slit sizes used in our experiments at SBrilgbeam width of 8.3
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mm and a beam height of 0.9 mm, 36 metres from the source westesg| to pro-
duce a beam of approximately 10 mm x 1 mm at 44 metres from thresgthe level
of the sample stage. A calculation for air kerma based ondlweilated energy spec-
trum and equation 3.12, produced an air kerma of 200 J/kg;wtan be expressed
as 200 Gy/sec. Synchrotron radiation is very well chaadrignd often used as a

standard for X-rays, therefore the calculation methodagast has validity.

1E+12
1E+11
1E+10
1E+09
1E+08
1E+07

I BL28B2 3 mm CuJ

1E+06
1E+05
1E+04
1E+03
1E+02
1E+01
0

Intensity (ph/mm~2)

100 200 300 400 500 600 700 800 900 1000
Photon energy (keV)

Figure 3.6: Energy spectrum from beamline BI28B2 at SP8ngalculated using
the SPECTRA program dfinaka and Kitamurg2001)

Lastly, some consideration is given to the range of secgnelactrons in water.
As charged particles travel through matter, the interastioause the particles to
slow down and change direction, eventually losing all kmenergy and coming
to rest. There is a finite distance beyond which there will beclmarged particles,
and this distance is called the range of the partidgteghfis and Cunninghari983.
As the electron slows down it starts to lose energy more diekd the Continuous
Slowing Down Approximation (CSDA) is used to calculate tlamge of charged
particles in a mediumJphns and Cunningham983. The CSDA range emerged
from Hans Bethe’s stopping power theory in the 1930's, anu lua expressed as

follows;

Ev,  dE
Rospa = / (3.16)
0
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where Rospa is the CSDA range (mean path length) of the charged partictbd
absorber,Ey, is the initial kinetic energy of the charged particle a#g,(E) is the
total stopping power of the charged particle as a functioanafrgy,F;. The CSDA
and stopping power theory are described in greater detRibadgorsak2005).

The National Institute of Standards & Technology (NIST) ég@voduced a use-
ful database Berger et al. 2005 which allows calculation of the CSDA range for
electrons with energies ranging from 10 keV to 1 GeV, tranglin various media.
The CSDA range for electrons with energies between 10 keV1800 keV, travel-
ling in liquid water, is plotted in figure 3.7. Summing the guat of the SPring-8
energy spectrum of figure 3.6 and the CSDA range plot of figurg& crude con-
volution), yielded a maximum range in water, for dose-dépus electrons, of 180
um. Podgorsak(2009 states “For heavy charged particles, the CSDA range is a
very good approximation to the average range R of the chgpgetitle in the ab-
sorbing medium, because of the essentially rectilinean pathe charged particle
in the absorber. For light charged particles such as elesttbhe CSDA range is up
to twice the range of charged particles in the absorber,usecaf the very tortuous
path that the light charged particles experience in therabspmedium”. Therefore,
the average range in water, of secondary electrons from ey ¥eam at beamline
BL28B2 at SPring-8, is 9@m. The curve in Figure 3.7 shows why diagnostic ener-
gies are vital for MRT. Megavoltage energies will not worlcaese the CSDA range
of the secondary electrons produced (by megavoltage pspteould be too large,

resulting in valley doses which are a significant fractionhaf peak doses.

3.3 On Monte Carlo Simulations of MRT

Synchrotron MRT poses considerable difficulties for acyraneasurement-based
dosimetry. Dose gradients on the order of tens of Gray peramiare required in
MRT. No current dosimeter possesses the spatial resolatidndynamic range to

accurately and simultaneously measure the dose in the Ineiano peaks, and the
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Figure 3.7: CSDA range for electrons in liquid water, catet using the database
of Berger et al(2005

dose in the valleys between the microbeams, for typical M&rgy ranges (50-250
keV). Consequently, the majority of publications pertainio MRT dosimetry em-
ploy Monte Carlo computer simulations to model the radmati@nsport and dose
deposition in waterQompany and Allen1998 Orion et al, 200Q De Felici et al,
2005 Siegbahn et 812006. Some experimenters have performed measurements us-
ing Metal Oxide Semiconducting Field Effect Transistors<gBFET) as an X-ray mi-
crobeam dosimeteR{psenfeld et al.1999 Kaplan et al. 2000 and have compared
them with Monte Carlo simulation result®(ion et al, 200Q Brauer-Krisch et a.
2003 De Felici et al, 2005 and reported acceptable agreement on a micron scale.
However, the use of MOSFETSs can be problematic; there apdtgtand saturation
concerns and they are difficult to aligBriauer-Krisch et aJ.2003.

Monte Carlo simulation is a statistical approach to the rimdgeof various phys-
ical phenomena, for example the interaction of ionisingatiah with matter. In a
typical Monte Carlo simulation, a beam of virtual particie® “launched "into a
medium, they travel certain distances, determined by agitity distribution, to
the site of a collision and scatter into another energy ardifection, possibly pro-
ducing new particles that have to be transported as wells Pphocedure is con-

tinued until all particles are absorbed or leave the geametiume under consid-
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eration Kawrakow and Rogers2003. The Monte Carlo method is an extremely
useful computational tool for radiation dosimetry. Howeveis critical for novel
radiotherapy technigues to have measurement-based dpginiech can be used to
benchmark computer simulations. This is particularly sa ifew form of radiation
therapy is ever to be implemented clinically.

To date, there are about a dozen papers in the literature orieMoarlo sim-
ulations for MRT dosimetry. The original paper ISfatkin et al.(1992 used the
EGS4 (Nelson et al. 1985 and the Persliden codeBdrsliden and Carlsspth984),
as well as an un-published, in-house code. Since then, etyari other codes in-
cluding EGS5 Company 2007, PSI-GEANT Stepanek et 312000, PENELOPE
(Siegbhahn et a1.2006 and GEANT4 Epiga et al. 2007 have been used to simu-
late X-ray microbeam dose distributions in a phantom. Nwumer&authors have used
the same phantom as appeared in Slatkin’s paper, namely @ 16ng cylinder of
water with a 16 cm diameter. The X-ray beam is transportedgatbe cylinder’s
central axis. These papers typically describe the chaistits of both cylindrical
(rod-shaped) and planar (wafer-shaped) microbeams. Tiveiggal microbeams
give very high peak-to-valley dose ratios compared to th@gl microbeams, how-
ever there are no publications which describe a collimat@roduce rod-shaped mi-
crobeams, only planar microbeams. The symmetry of cyladi(rods) microbeams
make them easier to simulate and analyse and this may exp&irpopularity in the
literature. A recent paper b$piga et al(2007) described Monte Carlo simulations
of cylindrical microbeams only. There was no equivalentegipental data to com-
pare the simulated dose distributions, because no cytialdmicrobeam-generating
collimator exists as yet.

In view of the fact that detailed Monte Carlo simulations leady been per-
formed and published by several authors using differenegofiirther Monte Carlo
study was not deemed useful. Instead, it was decided to @usperimental mea-
surements of the absorbed dose distribution using radiaabrfilm and microden-

sitometry. This is the subject of the next chapter and sombethortcomings of
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Monte Carlo simulations, as well as directions for futurerkvare discussed there.
We did perform Monte Carlo simulations, using the GEANT4&oth investigate
the depth dose characteristics of the synchrotron X-rayoh&am at the SPring-8
synchrotron in Japan. However, a complete simulation ok geaalley doses at dif-
ferent depths was not performed, rather, our efforts waectlid to measuring the
dose distributions and then comparing our measured pewaihy dose ratios with

previously published Monte Carlo simulations.

3.4 Radiochromic Film Dosimetry & Microdensitometry

X-rays blacken radiographic film by causing a chemical lieactithin crystals of
silver bromide on the film. The degree of blackening depemdhe amount of free
silver deposited, which is related to the radiation enefggogbed Khan 2003. X-
ray film, or radiographic film, has been used for many yearsdamseneter. The dose
can be related to the optical density, or blackening, of thelfiy the relation

I
OD = log,, Tj (3.17)

Wherel is the intensity of light incident on a region of film aidis the intensity
of light transmitted through the regioi\lliams and Thwaites2000. The optical
density is measured with a densitometer, which consistdightsource on one side
of the film and a detector on the other side to measure theveelaansmitted light
intensity.

Ideally, there would be a linear relationship between gptiensity and dose, but
this is not often the case. In order to use film for dosimetmppses, it is necessary
to determine the relationship by delivering known, gradesles of radiation to film
and plotting the net optical density to obtain a charadiercurve. The net optical
density is obtained by subtracting the reading for the bage that is the optical
density of unirradiated film, from the measured optical ign3oo high a dose and

the film saturates, and cannot blacken further.
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Radiochromic film is chemically quite different to radioghéc film. Radio-
chromic film consists of monomer crystals in a gel bound to éamsubstrate. The
monomer undergoes partial polymerisation upon irradiaiod the film changes
colour (hence the name radiochromic) from a light blue cotowa dark blue
(Williams and Thwaites2000. Radiochromic film has been investigated as a dosime-
ter since the 1960’s. William L. McLaughlin from the Natidtastitute of Standards
and technologies (NIST) in the US is credited with doing sahthe first research
with radiochromic film, mostly for industrial applicationsThe era of modern ra-
diochromic film dosimetry began in the the mid-1980’s, whevid Lewis described
the first GafChromic film which was an order of magnitude manesgtive to radi-
ation than previous generations of radiochromic film, asmneg bySoareq2006).
This new film, now known as HD-810, was sensitive enough fonesanedical ap-
plications?.

The active component in GafChromic radiochromic dosimétrgs is a long
chain fatty acid, similar to stearic acid and belonging tdea< of molecules known
as diacetylenes. When exposed to radiation, active diecety undergo a solid-
state polymerisation reaction, producing a dye polymemknas polydiacetylene
characterised by a cyan blue colour in the transmitted fgletctrum. A technical
paper describing the physical and chemical properties of8d® GafChromic film
is available from the ISP websit&SP, 2008).

Like radiographic film (silver halide film), radiochromic rfil provides a two-
dimensional map of the incident dose distribution. Theiapatsolution of radio-
graphic film is high, limited only by the grain size. In the ead GafChromic films,
the resolution is limited by the dimensions of the polymed &nbetter than 1 mi-
cron, based on modulation transfer function measuremé&asgiq Lewis, personal
communication). Niroomand-Rad et al(1998 quote the spatial resolution of ra-

diochromic film to be of the order of 600 line pairs/mm. There a number of

!GafChromic is the trade name for a type of radiochromic filrnofactured by International
Specialty Products, NJ, USA
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important differences between radiochromic and radidgafilm, as outlined in

Williams and Thwaite$2000);

1. Radiochromic film is self developing and requires no @ogtosure processing

in a developer.

2. Radiochromic film may be handled in visible light, althbugis sensitive to

long periods of exposure to ultra-violet radiation.

3. The composition of radiochromic film is more tissue-eglént than radio-

graphic film, with an effective atomic number close to 6.5.

4. Radiochromic film response is less energy dependent #dingraphic fi-
Im, especially over low energy ranges (< 100 keV), whereag@iphic film

demonstrates a very strong energy dependence.

5. Radiochromic film continues to ‘develop’ post-irradiatj that is, the optical

density increases for at least 6 hours post-irradiation.

6. Radiochromic film is temperature dependent and needs $tobed in a cool,

dark environment.

GafChromic radiochromic films can be handled in normal rotifor several
hours without noticeable effects, according to the martufacs (SP, 2008. How-
ever, ISP recommended leaving the films in dark conditionsnariot being handled,
and ideally, storing the films in a refrigerator to prolong tiim’s shelf life. The
films can be cut or trimmed to size, they can be marked with agpeincan even be
immersed in water for short periods of time (less than 1 h@@u}son et al.2003.
The density of radiochromic film is 1.08 g/énHubbell and Seltzer1996).

GafChromic films are the most commonly used type of radiauiicdilm media.
The most popular forms of GafChromic film for medical appiicas are HD-810,
MD-55 and EBT. EBT film has become increasingly popular inatitrapy centres,

largely as a result of centres going filmless and abandotieig film processor and
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also owing to needing a method of performing fast qualityieessce tests for patients
who are having intensity modulated radiation therapy.

An overview is provided in the following two subsections, the properties of
GafChromic HD-810 and EBT films since these films were usetérrésearch de-
scribed in this thesis. The information is not intended tadm@prehensive; emphasis
is placed on particular properties pertinent to this redeafhe American Associa-
tion of Physicists in Medicine (AAPM) published a compresiga task group report
on radiochromic film dosimetryNiroomand-Rad et a11998. The task group report
described properties of HD-810 and MD-55 film, but not EBT fildowever,Soares
(2006 andFuss et al(2007), describe EBT film in some detail.

3.4.1 Properties of GafChromic HD-810 Radiochromic Film

HD-810 film is designed for the measurement of absorbed dus®ps with energy

> 100 keV. Sensitometric studies have shown the film to baiifer doses up to 250
Gy (ISP, 2008. The recommended dose range for this film is between 10 add 40
Gy (ISP, 2008, however higher dose ranges can be used but require ajgieogose
calibrations to be used. Structurally, the film has;a7thick active layer coated on a
100 um polyester base. There is also a cover layer approximateiy thick, coated

to the surface. The schematic configuration of HD-810, andénsitometric curve

are shown in figures 3.8 and 3.9 respectively.

Surface layer — 0.75 um

Active layer - 6.5 pm

Clear polyester — 100 um

Figure 3.8: Structure of GafChromic HD-810 radiochromimfil
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SENSITOMETRIC RESPONSE OF GAFCHROMIC® HD-810
Lot# H1032H810
Nuclear Associates Radiochromic Densitometer 37-443
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Figure 3.9: Dose response of GafChromic HD-810 radiochediiin, from ISP’s
2008 technical report on HD-810 film. Copyright (2008) ISRabe used with per-
mission.

When the active component in HD-810 film is irradiated, itotedo form a blue
coloured polymer, with absorption maxima at about 615 nm &rislnm. The re-
sponse of the film is optimised therefore by densitometri@sneement using red
light. Studies have shown the response of HD-810 film to bgelgrindependent
of X-ray energy for energies > 100 keMuench et al(1991) showed the response
of GafChromic HD-810 film decreased by about 30% when thect¥ie (or mean)
photon energy decreased from 1720 keV (4 MV X-rays) to 28 k&/kVp X-rays).
In contrast, the response of silver-halide, radiograplic fias observed to increase
by almost 1000% over the same energy rangeench et al(1991) did not proffer
any reasons for the drastic increase in sensitivity of igrdiphic film at low energies.

Studies have also shown no measurable effects in HD-810 fdm the dose
rate, in the range 0.02 Gy/min to 200 Gy/min from a’Csource Saylor et al,
1988. With synchrotron MRT, the dose rates are more like 200 &y/blariyama
(2009 investigated the use of GafChromic films at synchrotronedages as high
as 60 kGy/s in order to confirm maximum measurable doses. Ne due effects
however were reported in this paper. It appears there ismmigh data in the liter-
ature to determine whether dose rate effects in GafChromnicdie significant for

synchrotron MRT. HD-810 film does exhibit post-exposurendioand the manufac-
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turers recommend waiting 24 hours post-irradiation bef@réorming densitometric
measurements. Figure 3.10 is a plot of the post-exposursitdegrowth curve of
HD-810 film exposed to different doses of X-rays. The curviigare 3.10 has been
normalised to the density value at 24 hours post-exposutésassentially indepen-
dent of dose. The density changes by approximately 8% battveeur and 24 hours
post-exposure, but the rate of density growth decreaseshendensity changes by
less than 2% over the next 96 hours.

POST-EXPOSURE DENSITY GROWTH
GAFCHROMIC®HD-810 Lot# H1032H810
Nuclear Associates Radiochromic Densitometer 37-443
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Figure 3.10: Normalised post-exposure optical densitwira@urve of GafChromic
HD-810 radiochromic film, measured with a Nuclear Assosid®adiochromic Den-
sitometer 37-443, from ISP’s 2008 technical report on HD-8lm. Copyright

(2008), ISP. Image used with permission.

Lot-to-lot variations and roll-to-roll uniformity on HD®) film can be as much
as 5%, largely a result of it being made in smaller productiolumes than other

varieties of GafChromic film (Dr. David Lewis, ISP, persogsammunication).

3.4.2 Properties of GafChromic EBT film

In 2004, ISP Corporation introduced a new type of radiocheditm known as EBT
film. This film featured a more sensitive emulsion than presip available. The
useful dose range of EBT film is from about 0.1 Gy to 8 Gy. Belo@&y2the response
is linear with dose. The structure of EBT film is shown scheécadly in figure 3.11.

The sensitive emulsion is in two active layers, each onegogihum thick. Each
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active layer is sandwiched between a surface layer and a&gtelybase. Each of
these layers in turn are glued with an adhesive layer to septdy layer in the film's
centre. The total thickness of the film is almost 308. A ‘white paper’ describing

the physical properties of EBT film is available from the 1S&bsite (SP, 20073.

Clear polyester — 97 um

Active layer — 17 um

“Surface” layer — 6 um

Active layer — 17 um

Clear polyester — 97 um

Figure 3.11: EBT GafChromic film configuration

EBT film is clearly more sensitive to dose than HD-810. EBT flias been
adopted quite rapidly by radiotherapy departments as atdieplacement for radio-
graphic film such as Kodak X-OMAT film, which requires a cheahiprocessor to
develop the film. EBT film exhibits a more uniform responsehvépatial position
than HD-810 film. In the twenty production lots since 200% tbll-to-roll variance
of uniformity within a lot has been < 2% (Dr. David Lewis, I§®rsonal communi-
cation). Figure 3.12 is a plot of the uniformity profiles (iions in spatial position
response) of EBT film, the expressions cross-web and dovnrefer to directions
orthogonal and parallel to the coating direction of the eioul. Assuming the val-
ues are random and normally distributed (and the resultsequresentative of the
entire roll), the overall uniformity of a production roll fgpically + 1.5% (Dr. David
Lewis, ISP, personal communication).

Rink et al.(2007) investigated the response of GafChromic EBT film for depen-
dence on X-ray beam energy using X-rays with effective @asrganging from 34
keV (75 kVp X-rays) to 5650 keV (18 MV X-rays). All response&r® normalised

to that obtained for C8 irradiations (essentially monoenergetic at approxinyatel
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Figure 3.12: EBT GafChromic film uniformity, from personansmunication with

Dr. David Lewis, ISP. Copyright (2008), ISP. Image used vpignmission.

1.2 MeV). The mean change in optical density of EBT film reradimvithin 3% of

that of C&" over the entire energy range. Figure 3.13 is a plot of thecaptiensity

versus dose curve for different beam qualities, three &ltage beams and a mega-

voltage, C8" beam. There is less than 5% difference in response betwedyetm

qualities, illustrating the low energy dependency of EBmfil

Net Visual Dersity

Energy Dependence of GAFCHROMIC EBT
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Figure 3.13: Response of EBT film to different kilovoltagedanegavoltage beam
gualities, from ISP’s 2007 white paper on EBT radiochromio fiCopyright (2008),
ISP. Image used with permission.

The peak absorption of EBT film occurs at 636 nm. Like HD-81fhfithe
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response of EBT film is (quite naturally) improved if the Spalcresponse of the
light source is matched to the absorption of the film. Consetly, EBT'’s response
is optimised by measurements with red light such as a Hellgon laser light source
(633 nm).

The effective atomic number of EBT film is almost 7. This vaisigreater than
that of HD-810 ( 6.5) and also closer to that of water (7.3). The presence of a
moderate Z element, chlorine, in EBT film may increase pHetdec absorption of
low (< 50 keV) energy photons and this, according to the mactufers, may explain
why EBT film is not as energy dependent as other types of Gaf@iarradiochromic
film at low energies.

At present, there is no published evidence of a dose ratendepe sensitivity
effect with EBT film. The manufacturers however, cite unali®d observations
and personal communications that there are no dose ratsefieovided there is
sufficient time allowed for polymerisation to occur (a fewung). The manufacturers
have investigated the post-exposure density growth of BBi&ind found it to be less
than previous types of GafChromic films. ISP state that tlosvtyr, is “essentially
complete by 2 hours post-exposui&®P, 20071.

Many of the environmental considerations for handling HID-&Im also apply
to EBT. EBT film can be handled in normal room light for sevédralirs without any
serious effects, although the film should be stored in darklitions when not being
handled, nor should it be exposed to direct sunlight. EBT fmot as temperature
sensitive as HD-810 film and can withstand temperaturesdassxof 70C for a few
seconds without compromising the film. GafChromic films ckso #e immersed in

water for maximum periods of 1 houBgtson et al.2003.

3.4.3 Microdensitometry

The traditional approach to densitometry is to use a sn@it kource and detector

and to translate the object being scanned. This approachsedsn the present MRT
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dosimetry research, and is described in detail in Chaptddehsitometry, accord-
ing to Niroomand-Rad et al. (1998), consists of a light traission measurement
averaged over the area of the defining aperture of the ligimtcep and also over
the absorbance spectrum of the sample being measured tectighthe wavelength
spectrum of the light source and the efficiency of the lighied®r. The spatial
resolution of such translational systems is governed bysite of the light source
used and by the distance between successive measurements.

A more modern approach is to use a two-dimensional imagistesy. In this
method, a uniform light source illuminates the object beingnned and a position-
sensitive detector, is used to measure light transmissmm fmany points on the
object simultaneously. The spatial resolution of the seasfeiermined by the pixel
size of the detector. The great advantage of this methoa ispgbed of measurement
compared to the more traditional, stepped method. Manydost; desktop scan-
ners have been used for GafChromic film densitometry in tadiapy. However,
microbeam radiation therapy (MRT) places far greater detman spatial resolution
and accurate intensity measurements than conventioniatmacapy. For these rea-
sons, it was decided to use a microdensitometer (Joycell3ah, Gateshead, UK)
which was made available to the School of Physics at Monasbelity by the Pho-
tography Department of the Royal Melbourne Institute offifeogy, and is shown
in figure 3.14.

The spatial resolution of an imaging system is typicallymifeed by the number
of resolvable line pairs per mm. The light source size andiibiance between suc-
cessive readings will strongly influence the spatial resmiu For the densitometry
work presented in this thesis, the limiting factor for detating spatial resolution
is the microdensitometer, not the GafChromic film. ISP queptatial resolutions of
greater than 600 line pairs per mm for GafChromic film. Thetiapaesolution of
the 3 CS microdensitometer was evaluated using a projdictepair test pattern, as
shown in figure 3.15. The Modulation Transfer Function (MTBue was 81% at

a spatial frequency of 20 line pairs/mm (Figure 3.16). Foedqrt system, in the
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Figure 3.14: Joyce-Loebl 3CS Microdensitometer. Phofagisy Mr. Steve Morton,
School of Physics, Monash University.

absence of noise, the relationship between the spatialdrery F', and the object

width A, can be expressed a@ushberg et al2001)

1
A (3.18)

Therefore a square object of width, can be thought of as corresponding to the
spatial frequency given by equation 3.18. So ideal objéetsdre 25.m wide cor-
respond to a spatial frequency of 20 Ip/mBughberg et a|2007) .

Lastly, one must consider environmental factors for adewlansitometry. Tem-
perature is probably the most important factor when scan@afChromic films and
it is recommended not to subject the film to temperaturesfiigntly above room
temperature ¥ 50° C) because this can cause spurious changes in optical yensit
readings. Long exposure to UV radiation from fluorescentttigshould be min-
imised, according to the manufacturers, which includeist lgmitted from the den-

sitometer itself.
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Figure 3.15: High resolution line pair test pattern
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Figure 3.16: MTF for microdensitometer. The data were ndis@d to the 3.5 Ip/mm
test pattern






CHAPTER 4

A Method of Dosimetry for
Synchrotron Microbeam
Radiation Therapy using

Radiochromic Films of

Different Sensitivity

4.1 Introduction

This chapter reproduces in full, a paper published in theniuhysics in Med-
icine & Biology (Crosbie et al.2008. The paper contains its own bibliography,
and reference styles, separate from the rest of the thebis.figures appear at the
end of the chapter, in the version presented in this thesipteh The published,
electronic version of the paper is included at the back othlesis, reproduced with

the permission of Institute of Physics Publishing.
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Abstract

This paper describes a method of film dosimetry, used to measure the peak-to-
valley dose ratios for synchrotron microbeam radiation therapy (MRT). Two
types of radiochromic film (manufactured by International Specialty Products,
NJ, USA) were irradiated in a phantom and also flush against a microbeam
collimator (beam width 25 um, centre-to-centre spacing 200 um) on beamline
BL28B?2 at the SPring-8 synchrotron. Four experiments are reported; 1. The
HD-810 and EBT varieties of radiochromic film were used to record ‘peak’
dose and ‘valley’ (regions in between peaks) dose respectively. 2. A stack of
HD-810 film sheets was microbeam-irradiated and analysed to investigate a
possible dose build-up effect. 3. A very high MRT dose was delivered to HD-
810 film to elicit a measurable valley dose to compare with the result obtained
using broad beam radiation. 4. The half value layer of the beam with and
without the microbeam collimator was measured to investigate the effect of the
collimator on the beam quality. The valley dose obtained for films placed
flush against the collimator was approximately 0.2% of the peak dose. Within
the water phantom, the valley dose had increased to between 0.7 — 1.8% of the
peak dose, depending on the depth in the phantom. We also demonstrated,
experimentally and by Monte Carlo simulation, that the dose is not maximal on
the surface and that there is a dose build-up effect. The microbeam collimator
did not make an appreciable difference to the beam quality. The values of
peak-to-valley ratio reported in this paper are higher than those predicted by

previously published Monte Carlo simulation papers.
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1. Introduction

In 1995, scientists at the Brookhaven National Laboratory, USA, reported on a novel
form of radiation therapy (Slatkin et al., 1995). This technique, known as microbeam
radiation therapy, or MRT, delivered microplanar arrays of synchrotron-generated X-
rays to the cerebellum of normal rats. The incident X-ray beam was segmented
spatially by a collimator to create beam widths less than 40 um and centre-to-centre

spacings of 200 pm.

Synchrotron MRT has also been developed at the European Synchrotron
Radiation Facility in Grenoble, France. A publication in 2001 by Laissue et al
reported the irradiation of the cerebellum of weaning piglets at the ESRF (Laissue et
al., 2001). Since 2005, a program of research into synchrotron microbeam radiation
therapy (MRT) has been carried out by Japanese and Australian research groups at the

SPring-8 synchrotron in Japan.

MRT has several peculiar and beguiling properties, which appear to challenge
many of the current paradigms in conventional radiation therapy; normal tissue appears
exceptionally resistant to hundreds of Grays of peak, in-beam MRT doses (Zhong et
al., 2003). In addition, malignant tissue mass appears to respond to MRT by
significant growth delay and, in some cases, complete tumour ablation. This is despite
the small fraction of the tumour mass irradiated with the high dose microbeams
(Laissue et al., 1998; Dilmanian et al., 2002; Dilmanian et al., 2003; Miura et al.,
2006). The ratio between dose in the peaks of the microbeams to the dose in the
valleys between the microbeams has strong biological significance (Laissue et al.,
1998; Laissue et al., 2001; Dilmanian et al., 2003; Zhong et al., 2003; Siegbahn et al.,

2006).
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The optimal geometrical configuration or the optimal peak-to-valley dose ratio
for successful MRT (maximal tumour control and minimal normal tissue toxicity) is
not yet known. Moreover it is likely to vary depending on the tissue and cell types
being irradiated. A number of different MRT studies have shown that tumour types
experience growth delay when irradiated with peak doses ranging from 150 Gy to 884
Gy, with beam widths and spacings, ranging from 25 to 90 um-wide beams and 50 to
300 um spacings respectively. The tumours have included 9L gliosarcoma (Laissue et
al., 1998, Dilmanian et al. 2002, Smilowitz et al., 2006), EMT-6.5 (Dilmanian et al.
2003) and SCCVII (Miura et al., 2006). In addition, tumour growth delay has been

reported for uni-directional, bi-directional and cross-planar irradiations.

Synchrotron MRT poses several fundamental radiobiological challenges. It
also poses dosimetric challenges due to the very high dose gradients (hundreds of
Gray) over short distances (tens of um). No current dosimeter can accurately measure
simultaneously, the dose in the microbeam peaks and the dose in the valleys between
the microbeams for the typical MRT energy range (50-250 keV). Consequently, the
majority of publications pertaining to MRT dosimetry have relied on Monte Carlo
simulations to model the radiation transport and dose deposition in water (Slatkin et
al., 1992; Company and Allen, 1998; Orion et al., 2000; Stepanek et al., 2000; De

Felici et al., 2005; Siegbahn et al., 2006).

The one dosimeter that is perhaps best suited to the task is also one of the
oldest; photographic film. The type of film used in this work is GafChromic
radiochromic film, manufactured by ISP Technologies, New Jersey, USA. This is a
relatively new type of film dosimeter that undergoes a dose proportional colour change

upon exposure to X-radiation. Some of the more popular varieties of GafChromic
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radiochromic film for dosimetric purposes include HD-810, MD-55 and more recently,

EBT.

Radiochromic film dosimetry is an established technique in medical radiation
physics. There are several review articles describing the properties and applications of
radiochromic film dosimetry for clinical use (McLaughlin et al., 1996; Niroomand-
Rad et al., 1998; Butson et al., 2003; Soares, 2006). A Task Goup report (TG55) by
the American Association of Physicists (AAPM), is perhaps the most comprehensive

review of radiochromic film dosimetry available (Niroomand-Rad et al., 1998).

Used individually for MRT dosimetry, neither HD-810 nor EBT film is
particularly efficient at measuring peak dose and valley dose simultaneously. An

accurate measure of dose across this range is unrealistic using a single film.

In this paper, we test the hypothesis that it is possible to irradiate parallel
sheets of radiochromic films of different sensitivity, and record the peak doses with
HD-810 film (low sensitivity) and the valley doses with the EBT film (high
sensitivity). We also test the hypothesis that the dose is not maximal on the surface of

a water phantom but builds up rapidly to a peak, tens of um below the surface.



71

2. Materials & Methods
2.1 Synchrotron X-ray beam

All irradiations were carried out on beamline BL28B2 at the SPring-8
synchrotron, Hyogo, Japan (SPring-8, 2008). This beamline uses a bending magnet to
produce polychromatic x-rays from 8 GeV electrons with a circulating beam current of
approximately 100 mA. The synchrotron x-ray beam was filtered using a 3 mm thick
copper filter to preferentially absorb low energy x-rays and hence increase its mean
energy. The resulting X-ray beam spectrum had a mean energy of 125 keV (Ohno et
al., 2008). The energy spectrum of the filtered x-ray beam from the bending magnet
on BL28B2 was simulated using the SPECTRA program (Tinaka and Kitamura, 2001)

and is shown plotted on a log-log scale in Figure 1(a).
2.2 Free air ionization chamber beam monitor

The experimental dose from the incident beam was estimated by careful
measurements of the ion current, recorded by a free-air ionisation chamber (OKEN S-
1194, Tokyo, Japan) and compensating for the beam cross section. The charge
recorded by the ionisation chamber was converted to exposure through the following

relationship (Greening, 1985);

X = AQ X 1 Roentgens M
T D XA XL 258 x 10 g

Where AQ is the charge collected in Coulombs, p is the density of air at standard
temperature and pressure (kg/m3), A is the cross-sectional area of the beam (m”) and L
is the length (m) of the collecting volume in the ionisation chamber. The relation 1R =
2.58 x 104C/kg was used (Johns and Cunningham, 1983). No correction was made

for ion recombination because the ion chamber was operating in the flat portion of the
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efficiency saturation curve where the chamber collection efficiency is taken to be unity.

Corrections were required for ambient temperature and pressure.

At this energy range we assume that the air kerma is composed almost entirely
of its so-called collisional component, K., and is equivalent to dose in air (Khan,
2003). The air kerma is calculated from the following relationship;

- (4

e

Where W/e is the average energy required to produce an ion pair in dry air and has a

value of 33.97 eV/ion pair (Khan, 2003).
2.3 Microbeam collimator

A fixed geometry tungsten/kapton multislit collimator was used to segment the
broad beam into an array of planar microbeams. The incident X-ray beam is
collimated by 175 um thick planes of high-Z tungsten, spatially separated by 25 pm
thick sheets of low density kapton, a type of plastic. The collimator design is
described in greater detail by Ohno et al. (Ohno et al., 2008). The thickness of the
tungsten/kapton collimator in the direction of the beam was approximately 10mm. The
nominal, collimated beam width was 25 um with a centre-to-centre spacing of 200 um.
The exposure time was adjusted by varying the opening and closing time of an
upstream shutter, which blocked the x-ray beam. The minimum opening time of the

shutter was 100msec.
2.4 Radiochromic film dosimetry

Radiochromic film consists of monomer crystals in a gel bound to a mylar
substrate. The monomer undergoes partial polymerisation upon irradiation which leads

to a colour change from a light to a dark blue. The active component in GafChromic
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radiochromic dosimetry films is a long chain fatty acid, similar to stearic acid and
belonging to the diacetylene class of molecules (ISP, 2008). These films have different
physical properties (thickness, composition, sensitivity) and respond over different
dose ranges. The thickness of the HD-810 and EBT films are approximately 110 pum

and 290 pum respectively.

The dose range for GafChromic HD-810 film is between 10 Gy and 400 Gy
and below 250 Gy, the response of the film is essentially linear with dose (ISP, 2008).
However, HD-810 can also be used at higher doses provided the results are interpreted
with appropriate dose calibration curves. The TGSS5 report states that the nominal dose
range of HD-810 is between 50-1000 Gy (Niroomand-Rad et al., 1998). ISP state that
EBT film is sensitive to doses in the range 0.01 Gy to 8 Gy (ISP, 2007) whereas Soares
states that the useful range of EBT is from 0.05 Gy to-8 Gy (Soares, 2006). The
sensitive material in radiochromic films is quite similar to water in terms of mass
energy absorption coefficients and electron mass stopping powers (Niroomand-Rad et

al., 1998; Butson et al., 2003).

Radiochromic film continues to ‘develop’ or polymerise for several hours post-
exposure before reaching chemical completion and most practical radiochromic film
analysis is done the day after exposure. ISP recommend waiting at least 24 hours post-
irradiation before analysing HD-810 film and at least 6 hours before analysing EBT
film. Post-exposure density growth curves for both films are available (ISP, 2007b,
2008). For other varieties of GafChromic film, slight increases (up to 4%) in the
absorbance of MD-55 have been reported after 24 hours out to 2 weeks post-exposure
and there have no appreciable changes in absorbance between 40 and 165 days post-

exposure (Niroomand-Rad et al., 1998).
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The manufacturers state that HD-810 film is energy independent for photons
with energies above about 200 keV (ISP, 2008). Muench et al showed the response of
GafChromic HD-810 film decreased by approximately 30% when the effective photon
energy decreased from 1720 keV (4 MV X-rays) to 28 keV (60 kVp X-rays) (Muench
et al., 1991). Considering our mean photon energy is 125 keV, any energy
dependencies of the HD-810 film are sufficiently small to be ignored. The EBT film is

essentially energy independent across all therapeutic energy ranges (Rink ez al., 2007).

2.4.1 Microdensitometry. After irradiation, the films were placed in aluminium
foil (to exclude light) for transport to and analysis in Australia. Broadbeam and
microbeam-irradiated films were scanned on a Joyce-Loebl microdensitometer (3CS
Mark II, Joyce-Loebl, Gateshead, UK). The spatial resolution of GafChromic HD-810
radiochromic film is extremely high, better than 600 line pairs/mm (Niroomand-Rad et
al., 1998). The microdensitometer however is a more limiting factor for spatial
resolution. We measured the microdensitometer’s spatial resolution, using a line-pair
test pattern and recorded a Modulation Transfer Function (MTF) value of 81% for a
spatial frequency of 20 line pairs/mm, This corresponds to an object width of 25 pm,

the nominal width of the microbeams.

The microdensitometer outputs a voltage, proportional to the optical density of
the film, which we verified using a step-wedge film. We also independently checked
the response of HD-810 film using a hand-held densitometer (data not shown).
Calibration curves of absorbed voltage versus dose are shown in Figure 2 for both HD-
810 (a) and EBT (b) films. Three scans were performed perpendicular to the
microbeam direction across the centre and the two edges of the microbeams. The

readings were then averaged across the three profiles to obtain a mean reading with
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associated uncertainty (two times the standard error of the mean). The digitised
voltage values from the MRT profiles were then converted to dose (in water) using the
broad beam voltage-dose calibration curves. A quadratic curve was fitted to the data, a
technique similar to that performed by commercial radiotherapy film dosimetry

software packages.

2.5 Experiment 1 — Peak & valley dose measurements

The principal objective of the experiment was to measure the peak-to-valley
dose ratio at the collimator and as a function of depth in a tissue equivalent, solid water
phantom, downstream of the collimator. To this end, two parallel sheets of HD-810
and EBT radiochromic film were placed at various depths in the phantom and
irradiated with an in-beam entrance dose of 160 Gy. Films were also positioned flush
against the beam exit side of the collimator. The HD-810 films were placed in front of
the EBT films. The experimental setup for the solid water phantom irradiations is
shown schematically in Figure 3. The films were positioned between the solid water
slabs at the surface and subsequently at 1 mm, 5 mm, 10 mm, 30 mm, 50 mm and 70

mm thickness.

A set of dose calibration films for the two film types were also acquired, in
which known broad beam doses of synchrotron radiation were delivered to the HD-810
and EBT films. Calibration doses of between 20 Gy and 320 Gy were delivered to the
HD-810 film and doses between 0.2 Gy and 6 Gy were delivered to the EBT film. The
calibration films were placed at a depth of 1 mm in the solid water stack. The air
kerma, corrected for ambient temperature and pressure, was converted to dose to water
at 1 mm depth by multiplying the kerma by the ratio of the mass energy absorption

coefficients for water and air. A simple exponential attenuation factor, to adjust the
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dose for a depth of 1mm, was also applied.

It was necessary to attenuate the broad beam in order to accurately deliver
calibration doses of less than 1 Gy to EBT film due to the limitations of the upstream
lead shutter. The flux rate was attenuated by placing high purity, metallic absorbers
(11.5 mm Cu, 1 mm Fe, 7 mm Al) in the path of the beam. The effect of beam
hardening on the EBT calibration was considered negligible owing to the energy

independence of EBT film (Rink et al., 2007).

2.6 Experiment 2 — Investigation of the dose build-up effect

Preliminary film dosimetry work hinted at a dose build-up effect for the MRT
beam. That is to say, the dose did not appear to be maximal on the surface. To further
investigate this, a stack of thirty strips of HD-810 film, sandwiched together, was
irradiated. This provided measurements of the relative dose distribution at 110 um
depth increments, instead of the 1000 um (1 mm) increments of the thinnest solid
water slab. The percentage depth dose curve of this polyenergetic X-ray beam was

simulated using the GEANT4 Monte Carlo code (Agostinelli et al., 2003).

The stack was irradiated at four locations; at the level of the collimator, in front
of the ionisation chamber, at the sample stage and a further position, 1.1 metres
downstream of the sample stage. Films were scanned on the microdensitometer in a

manner similar to that described in Experiment 1.

2.7 Experiment 3 — Accurate valley dose measurements

A single piece of HD-810 film was irradiated with a peak MRT dose of 3000
Gy, as measured using the ionisation chamber. A separate piece of HD-810 film was
irradiated with broad beam radiation across a range of dose values, chosen to be

similar to the valley dose of the MRT-irradiated film. The purpose of this experiment
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was to scale the valley dose up into the HD-810 film’s sensitivity range. This acted as
a ‘cross check’ of the EBT valley dose data. These films were scanned on the
microdensitometer and a calibration curve of dose versus voltage (optical density) was
generated from the broad beam films. This curve was used to estimate the dose in the
valley region of the very high dose MRT film, based upon a microdensitometer scan of

the valley region.

2.8 Experiment 4 - Measurement of beam quality

In order to determine whether the microbeam collimator changed the beam quality,
we measured the first three Half Value Layers (HVL) for copper for (A) the beam
transmitted through the microbeam collimator, (B) no microbeam collimator present
and (C) the microbeam collimator and ion chamber placed beside each other. The
predicted HVLs were obtained by analysis of the predicted primary beam energy

spectrum (SPECTRA) .

3. Results

3.1 Experiment 1- Peak & valley dose measurements

A single broad beam, measuring 1 mm in the vertical plane, produced five
horizontal microbeams after collimation. Figure 1(b) is a scan of HD-810
radiochromic film exposed to five such microbeams. An example of the one-
dimensional dose profile is shown in figure 1(c). This is a sample line profile across
the film and is typical of the profiles obtained on the microdensitometer. Note the low
sensitivity of the film in the valley region despite the in-air, entrance peak dose of 160
Gy. The peak regions of HD-810 film showed an obvious, measurable change in

optical density but the valley regions did not, the HD-810 film being insensitive to
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doses below 10 Gy (ISP, 2008). The peak regions of the EBT film were saturated yet

the valley regions showed a measurable change in optical density.

The percentage depth dose curves for both peak and valley dose are plotted in
figure 4(a). The peak and valley doses were obtained from microdensitometry scans of
the HD-810 & EBT films respectively for each depth in the phantom. The plots are
normalised to the maximum peak dose, which was not maximal at the surface. There
was a rapid build-up effect with the maximum peak dose observed at a depth of 1 mm
(limit of solid water slab thickness). The typical exponential-like attenuation was
observed beyond 1 mm. The variation in valley dose is not readily apparent from
figure 4(a), since the profiles are normalised to the maximum peak dose. The valley
dose increased slowly, to a maximum at a depth of 10 mm in water, and then decreased
slowly with depth. A similar variation in peak and valley doses, computed by Monte

Carlo simulations, was reported by Siegbahn et al. (Siegbahn et al., 2006).

The variation in peak-to-valley dose ratio (PVDR) with depth in the solid
water phantom is shown in figure 4(b). This is a dimensionless quantity, and in these
results, the uncertainty in PVDR is expressed as a percentage of that ratio. The PVDR
on the surface of the phantom was 65 + 35%. It then increased to a maximum, mean
PVDR of 144 +29%, at a depth of 1 mm. The PVDRs then decreased with depth down
to 10 mm and were then observed to be rather stable; 67 +27% at 10 mm, 76 + 26% at

30 mm and 60 £ 29% at 50 mm depth.
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The mean PVDR at 70 mm depth was 85+18%. The peak-to-valley dose ratio
for the films placed flush against the collimator was 388 + 21%. The uncertainty in
PVDR was calculated by expressing the uncertainties in peak and valley dose as a
percentage and summing them in quadrature according to equation (3) below. The

PVDR uncertainty is dominated by that of the valley dose.

Spypr = J(apeak)z + (é‘valley)2 (3)

Closer inspection of the percentage depth dose curve for the peak doses (as
measured with HD-810 film) showed a distinct build-up effect. The dose was not
maximal on the surface, but rather at a depth of Imm in solid water, the thinnest slab.
This is the dose ‘build-up’ effect; dose depositing secondary electrons are set in
motion when an X-ray photon beam bombards a medium (Johns and Cunningham,
1983; Khan, 2003). This build-up effect explains the large differences between the

PVDR recorded on the surface and the PVDR recorded at a depth of 1 mm.

The Monte Carlo simulated depth dose curve also reproduces this build-up
effect. The measured and simulated depth dose curves are shown superimposed in
figure 5(a). The experimental film data were normalised to the maximum value at 1
mm depth. The Monte Carlo simulated depth dose curve was performed using a 100
um step size and was normalised to the peak dose. The simulation was performed in
liquid water. At a depth of 100 um, the simulated depth dose curve was already 95%
of its maximum dose. Figure 5(b) shows a Monte Carlo depth dose simulation using 1
um step sizes. This plot shows the dose builds up very rapidly, approaching its
maximum value after only 20 um. There are fluctuations in the simulated data which
make it difficult to quote a precise value of the depth of maximum dose other than to

say the dose is not maximal on the surface but builds up rapidly after a depth of some
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tens of pm. At the depth of 10 mm, the agreement between experiment and simulation
is not as strong as at the other depths in figure 5(a). The experimental uncertainty in

the film data is the most likely explanation for the difference.

3.2 Experiment 2 — Investigation of a dose build-up effect

Figure 5(c) shows the percentage depth dose curve in the thirty film stack of
HD-810 films. These films were irradiated at the level of the free-air ionisation
chamber, situated approximately 400 mm downstream of the collimator. The
combined thickness of the sandwich was 3.3 mm (or 3300 um) since each film was
approximately 110 um thick. At all four irradiation positions, the relative surface dose
(first film in the sandwich) was significantly less than the relative dose recorded from
the second film, approximately 110 um deep in the sandwich. The GEANT4 Monte
Carlo simulated depth dose from Figure 4a is included in figure 5(c) for comparison.
The film sandwich experiment confirmed that the dose was not maximal on the

surface.

There was quite a degree of experimental uncertainty (expressed as two times
the standard error of the mean) in the film data presented in figure 5(c). In addition,
the experimental curve was arbitrarily normalised to the second film at a depth of 110
um. The Monte Carlo simulation of depth dose is the same curve from (a) albeit at a
shallower depth, and the simulation was carried out in liquid water and not film

material.

3.3 Experiment 3 — Accurate measurement of valley doses

Figure 6 shows a colour comparison on HD-810 film between a broad beam
entrance dose of 47.8 Gy and the valley region of HD-810 film, irradiated with a peak,

MRT dose of 3000 Gy. The optical density in the valley region was qualitatively
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comparable to that of the broad beam. The dose in the valley region of the MRT-
irradiated film was found to be 56 + 4 Gy, after scanning with the microdensitometer
and converting to dose using the equation of fit. An extrapolation was required from
the equation of fit as the maximum broad beam dose delivered was 47.8 Gy. The
‘colour change’, i.e. optical density (dose) in the valley region of the MRT-irradiated
film was greater than in the broad beam film. The peak-to-valley dose ratio from this
experiment was 55 + 9%. This value is comparable to the lower end of PVDRs
obtained in experiment 1 (Figure 4(b)). The uncertainty in PVDR was lower in this
experiment than in experiment 1, most likely a result of stronger signal-to-noise ratio

from the HD-810 film scans using the ‘colour change’ method.

3.4 Beam quality measurements

The beam quality, as measured by successive half value layers, of both the
beam transmitted by the microbeam collimator and the broad beam were very similar
and in good agreement with the predictions from the SPECTRA program. The HVL

measurements and predictions are summarised in Table 1.

HVL A B C Predicted

(mm Cu) (mm Cu) (mm Cu) (mm Cu)

1 0.198 0.200 0.198 0.198

2 0.243 0.240 0.245 0.246

3 0.270 0.283 0.290 0.290

Table 1. Half Value Layer (HVL) measurements of X-ray beam transmitted through
microbeam collimator (A), with the collimator removed (B) and with the ion chamber
close to the collimator (C). The predicted HVLs are also shown.
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We calculated the photon flux rate to be 1.96 x 10'* and 2.44 x 10'* ph/s/mm” with and
without the microbeam collimator. The 10 mm of kapton attenuates the flux rate by
approximately 20%. The air kerma rate, as measured by the free-air ion chamber, for
the microbeam and broadbeam conditions was approximately 85 Gy/s and 105 Gy/s

respectively.
4. Discussion

Our results demonstrate that it is possible to use radiochromic films of different
sensitivities to record the peak-to-valley dose ratio for synchrotron MRT and to track
PVDR changes at various depths in a water phantom. The peak-to-valley dose ratio
obtained for films placed flush against the collimator was almost 400. Combining the
solid water phantom (experiment 1) and ‘colour change’ (experiment 3) data, a peak-
to-valley dose ratio of between 145 and 55 was recorded, depending on the depth in
the phantom.

It has also been demonstrated, both experimentally and by computer
simulation that the dose is not maximal on the surface but builds up rapidly with depth
after distances of some tens of um. Other authors have shown a build-up effect via
Monte Carlo simulation (Siegbahn et al., 2006). Considering the dose builds up so
rapidly with depth, over a distance of two or three cell diameters, it may not have a
significant implication for MRT studies in biological tissue.

A distinct advantage to radiochromic film is its ease of use as a dosimeter.
Other MRT dosimetry techniques have reported difficulties. For example, the
alignment and stability concerns of MOSFET (Metal Oxide Semiconductor Field
Effect Transistor) detectors (Brauer-Krisch er al., 2003) do not apply to film. The

combination of radiochromic film and microdensitometer provides sufficient spatial
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resolution for the measurements (section 2.4.1). We emphasise that the results
obtained here are of real measurements and not simulated doses. It is important for
MRT to have measurement-based dosimetry which can be used to benchmark
computer simulations. The results presented here were for a fixed-geometry, multi-slit
collimator, but it should be possible to use the same technique on a variable width
collimator, such as the collimators used at the National Synchrotron Light Source in
the USA and at the ESRF in France.

The PVDR obtained for films placed flush against the collimator was
significantly greater than the PVDRs in the solid water phantom (Figure 4(b)). The
sample stage for the phantom was approximately 1 metre downstream of the
collimator. The biggest difference between the collimator films and the phantom films
was the dose in the valley region. The valley dose was observed to increase from
approximately 0.2% of the peak dose at the level of the collimator, to approximately
2% of the peak dose in the water phantom.

It is possible there occurs angular, multiple scattering and reflection of the x-
ray beam from the tungsten/kapton borders into the valley regions, immediately
beyond the collimator. This is illustrated schematically in Figure 7. Scattered photons
and characteristic radiation from tungsten may be generated inside the collimator as
the incident X-ray beam is collimated by 175 pm thick planes of high-Z tungsten,
spatially separated by 25 um thick sheets of low density plastic. Our HVL data (Table
1) obtained in the presence of and in the absence of the microbeam collimator were
very similar, indicating that the microbeam collimator is not in fact producing
significant amounts of secondary radiation. The microbeams from a collimator are not
perfectly precise; they possess ‘tails’ of valley dose, which may contribute dose to

adjacent microbeams.
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The interaction of the incident X-rays with the tungsten/kapton collimator and
the propagation of the segmented microbeams through air, prior to reaching the target,
requires more detailed modelling and measurement. A more realistic simulation, for
example, would be to model a 25 pm thick sheet of kapton, sandwiched between two
tungsten plates, and also to model a 'detector' of variable thickness and distance from
the collimator face. The detector material could be more accurately modelled as film
using the relative elemental constituents rather than simply liquid water

The ‘colour change’ experiment on the HD-810 film (Figure 6) provides
convincing evidence that the dose in the valley region is between 1 and 2% of the peak
dose, as observed at the level of the sample stage. Most of the Monte-Carlo simulated
PVDRs (for microplanar beams) published in the literature are lower than those
reported in this paper. We obtained a maximum PVDR of 144 +29% at 1 mm depth in
water and a minimum PVDR of 60 + 29% at 50 mm depth. The Monte Carlo papers of
Siegbahn et al., De Felici et al., Stepanek et al. and Slatkin et al. report PVDRs closer
to 30. That is, a valley dose which is approximately 3% of the peak dose. In general,
the literature on Monte Carlo simulations of MRT is rather consistent; the different
radiation transport codes produce PVDRs which agree with each other reasonably
well.

Table 2 lists the PVDR reported by a sample of authors in articles on MRT
dosimetry, which used Monte Carlo simulations. In the tabulated references, the

quoted PVDR was for 25 um wide beams at 200 pum centre-to-centre separations.
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Author Code PVDR Depth/cm
Slatkin et al., 1992  CPE 35 0-1

15 7-8
(Stepanek et al., PSI-GEANT 29 (centre of field) 0-1
2000) 44 (field edge)
(De Felici et al, EGS4 29 (centre of field) 7-8
2005) 33 (field edge)
(Brauer-Krisch et Penelope 53 0-1
al., 2005) in PMMA
(Siegbahn et al., Penelope 29 0-1
2006) 14 7-8

Table 1. The Monte Carlo simulated peak-to-valley dose ratios as reported by

a selection of authors for a 25 um wide beam with a 200 pm wide centre-to-

centre separation.

The Monte Carlo simulations do not fully simulate the synchrotron X-ray
source or downstream features such as slits. Perhaps the major shortcoming of the
simulations is that they do not actually simulate a collimator. Multiple, planar
microbeams have been simulated as individual microbeams, propagating through a
phantom and then positioned at 200 pm intervals. As a consequence, multiple, angular
scattering events occurring inside and immediately beyond the collimator (illustrated
schematically in Figure 7), have not been adequately modelled.

In one publication (Siegbahn et al., 2006), the X-ray source is assumed to
originate on the surface of the water phantom, neglecting the effect of scatter into the

valley region within the collimator, immediately post-collimator and pre-water
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phantom. Slight manufacturing imperfections (on a pm scale) in a real collimator will
also affect the PVDR but would be difficult to simulate.

There is a paucity of synchrotron MRT studies with the emphasis on
experimentally obtained data. An exception being MOSFET dosimetry for planar
microbeams as described by Brauer-Krisch et al. The authors reported a measured
PVDR of approximately 60 using MOSFET dosimetry averaged across different
depths in a PMMA phantom (Brauer-Krisch et al., 2003). This value is closer to our
experimentally derived PVDRs than the Monte Carlo simulation data.

In general, film is not used for absolute dosimetry purposes in radiotherapy but
rather for relative dosimetry. An ionisation chamber at different depths in water would
be the preferred dosimeter, but ultimately an alternative dosimeter may be required.
Whereas ionisation chamber dosimetry can give an estimate of the dose in the peaks,
there is no easy way to measure the dose in the valley region. From a radiobiological
standpoint, being able to quantify the peak dose to within an accuracy of 3% may not
be so critical when delivering hundreds of Gray of radiation, since it is already a lethal
dose to the irradiated cells. Accurate measurement of the valley dose on the other
hand, is essential, as this may be the limiting biological factor in MRT (Laissue et al.,
1998; Laissue et al., 2001; Dilmanian et al., 2003; Zhong et al., 2003; Siegbahn et al.,
2006).

Trying to simultaneously measure the peak and valley doses, to obtain the
PVDR, has proven difficult, until now. The strength of our paper lies in a simple and
straightforward way to measure the PVDR for synchrotron MRT. A distinct advantage
to the technique described in this paper is that one can measure fine spatial variations
in the dose distribution within a bulk material. The MOSFET technique, as well as in-

air ion chambers typically only measure entrance dose distributions at a point. Inside a
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material, a significant contribution from scattered x-rays comes from all directions.

Film is probably the only way to measure this.
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Figure 1. The energy spectrum (a) of the polychromatic x-ray beam produced by the
bending magnet source for beamline BL28B2 at SPring-8.  The spectrum was
estimated using the SPECTRA computer program of Tanaka and Kitamura. A section
of radiochromic film which has been exposed to MRT is shown in (b) and a line profile
is shown in (c). The 1 mm high beam contains 5 microbeams, each one spaced 200
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Figure 2. Typical voltage-dose calibration curves for high dose, low sensitivity HD-
810 film (a) and low dose, high sensitivity EBT film (b) film subjected to broad beam
radiation and analysis based upon microdensitometer scans.
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Figure 3. (a) Schematic of apparatus on beamline BL28B2 at SPring-8 for
MRT film dosimetry. Figure 3(b) shows the stack of solid water slabs and
sandwiched radiochromic films Each solid water slab measured 300 mm x 300
mm x 10 mm.
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phantom, normalized to the peak dose at 1 mm depth. The uncertainties (error
bars) represent two times the standard error of the mean across the left, centre
and right sides of the film. Plot 4(b) shows the change in peak-to-valley dose
ratio (PVDR) with depth. The data points were obtained by dividing the mean
peak dose by the mean valley dose. The uncertainties (error bars) represent the
uncertainty in peak dose plus the uncertainty in valley dose summed in
quadrature.
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Figure 5. Percentage depth dose measurements compared against Monte
Carlo simulations; (a) coarse measurements every 5 mm in solid water, (b)

Monte Carlo depth dose simulations using a fine 1 pm

measurements every 110 um in a stack of HD-810 films.
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3000 Gy MRT

Figure 6. A visual comparison of HD-810 film exposed to 47.8 Gy of broad
beam radiation (left-hand side) and HD-810 film exposed to MRT with an in-
beam, peak dose of 3000 Gy (right-hand side). The change in optical density
(proportional to dose) elicited in the valley region of the MRT-irradiated film is
comparable to the change in optical density in the broad beam-irradiated film.
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CHAPTER 5

The Search for
Immunohistochemical Markers

for MRT

This chapter is written in the style of a scientific papers knvisaged that significant
portions of this chapter will be submitted to a peer-revigyurnal for publication,

hence it has been prepared in a pre-submission form.

5.1 Introduction

Synchrotron microbeam radiation therapy (MRT) is an experital treatment which
has been performed in a number of pre-clinical studies oroturhearing rodents
(Laissue et a).1998 Dilmanian et al. 2002 2003 Miura et al, 2006. The high
flux, X-ray beam from a synchrotron is segmented into midemyar arrays of very
narrow beams, typically 2bm wide, with peak-to-peak separations of 208. Nor-
mal tissue appears exceptionally resistant when hundife@sags of peak, in-beam
dose are delivered by MREhong et al. 2003. Such doses are an order of magni-
tude more than are delivered during conventional radiather Furthermore, MRT

has been shown to cause significant tumour growth delay ssahiie cases complete
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tumour ablation l(aissue et a).1998).

It is not known why normal tissues can tolerate such high slo§enicroplanar-
delivered radiation, nor is it known how tumours respond t&TMvhen only a frac-
tion of the tumour volume is irradiated. Clearly, the radiddgical response of
tissue, at a cellular level, to MRT is of interest. Knowleddeuch tolerance and re-
pair mechanisms may inform current radiotherapy paradignasdramatically alter
the existing treatment regimens used for tumour control.

Using conventional histology, it is not possible to deterenivhere the micro-
beams traversed most tissues. The distinctive stripesdidtran damage to neural
cells in the cerebellum, as reported bgissue et al(1998 and others, are not obs-
erved in skin using conventional histological methods.sTas noted by hong et al.
(2003 in their histological investigation of the effects of MRh @at skin. This
causes difficulties when trying to describe, at a cellulgeliethe effect of MRT on
skin tissue, especially in the acute stages (hours and &aimying MRT.

The aim of this study was to identify an immunohistochemioalrker of MRT
which would allow us to visualise the path of the microbeahtsugh the tissues in
the hours and days following irradiation. Four assays iti@aar were of interest
(apart from routine H & E). These were immunohistochemicalags of DNA dou-
ble strand breaksy(H2AX), leukocytic infiltration (indicative of radiatiomduced
inflammation), proliferation (associated with tissue igpand radiation-induced
apoptosis (a mechanism of cell death). The hypothesisdtesis that the ionising
energy deposited in skin tissue by MRT would cause spatiatiglised regions of

DNA double strand breaks, leukocytic infiltration, protéigon, and apoptosis.

5.2 Materials & Methods

5.2.1 Synchrotron radiation source & microbeam generation

All irradiations were carried out on beamline BL28B2 at thHeriBg-8 synchrotron,

Hyogo, Japan. This beamline utilises a bending magnet tdugeo polychromatic
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x-rays from electrons travelling at relativistic speedsuad a storage ring with ener-
gies of 8 GeV and a stable beam current of approximately 100ThA synchrotron
x-ray beam was filtered by passing through a 3 mm thick copfter fhat preferen-
tially absorbs low energy x-rays and hence increases its rasargy. The resulting
x-ray beam had a mean energy of 125 kédhfio et al. 2008. A fixed geome-
try, tungsten/kapton collimator was used to segment thacbleam into an array
of planar microbeams. The collimator design is describeahdme detail elsewhere
(Ohno et al. 2008. The thickness of the tungsten/kapton collimator in thheation
of the beam was approximately 10mm. The nominal beam width2Bam, with a
centre-to-centre spacing of 2Q@n. The peak-to-valley dose ratio for this collima-
tor was measured using radiochromic films of different gasitsi In a solid water
phantom, the dose in the valley region is typically betweeand 2 percent of the
dose in the peaks. A complete description of the dosimetryl@yad for this MRT

research is described in Chapter 4 of the thesis.

5.2.2 Mouse Preparation

The dorsal skin flap of normal mice was selected as an appteptidrget because
it is accessible tissue and is easily harvested when theahhias been culled. The
skin is composed of different tissue types, or compartmegilermis, dermis, fat
and muscle layers. These tissue types are also of varyingseatsitivity; typically,
the epidermis is the site of early radiation reactions aeddérmis is the site of late
radiation reactionsHall, 2000.

Adult, female mice (ddY strain) aged 11 weeks, were usedhisr gtudy. All
experimental protocols were approved by the animal welfaramittees of the Jap-
anese Synchrotron Radiation Research Institute (SP)irmgn@ Monash University.
The animals were fed a standard rodent diet and given vaaltdibitium in the an-
imal house of the biomedical imaging centre on the SPringrglsrotron campus.

The animals were anaesthetized using a 1:10 dilution ofopanbitone (Nembutal,
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Sigma Aldrich, St Louis, MO, USA) at a dose rate of approxiehab0 mg/kg and a
concentration of approximately 5 mg/ml.

The hair along the animals back was shaved using a standecttielrodent
shaver. A skin flap was raised along the animals’ back anccyrdéengths of ra-
diochromic film (Gafchromic HD-810, ISP Corp, New JerseyA)®ere placed on
both sides of the skin flap to demarcate the entrance andaaition fields. The
mice were secured on a perspex jig by placing them inside al3@aiwith a cut-

away made to expose the raised skin flap for irradiation.

5.2.3 Mouse Irradiation

A total of sixty eight mice were used in the study. Two mice dat recover from
the anaesthesia. A set of mice (n = 27) were irradiated witketfields, of different
doses, of unidirectional, MRT. The peak, in-beam doses &@€eGy, 400 Gy and
800 Gy. A further set of mice (n=27) were irradiated with litdeam (BB) radiation
doses of 200 Gy, 400 Gy and 800 Gy. The experimental arrangeisishown in
figure 5.1. Six mice were used as sham-irradiated controlsesd un-irradiated
mice were prepared, anaesthetized and positioned on dtentet jig in an identical
fashion to the irradiated mice.

We took significant measures to accurately outline the imtad tissue for this
experiment. This was based on our experiences from pildteswhich showed the
difficulties of accurately identifying irradiated tissuelays post-irradiation when all
markings have vanished from the animal and the fur has bemgnotv back. Im-
mediately post-irradiation, a fine gauge needle contaiimgn’s Blue dye (Sigma
Aldrich, St Louis, MO, USA) was used to mark the corners of ithediated fields
on the mice skin using the exposed radiochromic film as a vguide. The overall
irradiated region was marked with permanent marker (Figu2g The mice recov-
ered from the anaesthesia and were returned to the aninil@lfacthe biomedical

imaging centre at SPring-8.
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Figure 5.1: Experimental setup for dorsal skin flap irradiat The treatment fields
were made visible using radiochromic film to demarcate td@ten fields.

Figure 5.2: Skin markings on mouse to outline the radiatield$§i. Such markings
were made using a permanent marker to ensure accurate hessugsting.
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5.2.4 Tissue Harvesting

Mice were culled by cervical dislocation at 6 hours, 12 hp@# hours, 48 hours
or 5 days post irradiation. There were six mice in each grédigT or BB) at each
culling time, with the exception of the 6 hour point, for whithere were three mice
in the MRT group and three in the BB group. The skin flap wassadifrom the
mouse, flattened and fixed in formalin for at least six houiguife 5.3). Small sec-
tions of unequivocally-irradiated tissue, perpendictdethe path of the microbeams
for each of the three delivered doses, were then removed landdointo histology
cassettes. The tissue sections were returned to Austiglizosphate-buffered saline

for analysis.

Figure 5.3: Harvested mouse skin from a mouse irradiateld MRT. The excised
tissue was flattened and formalin fixed for 6 hrs. The skin ingekenabled us to
unequivocally harvest irradiated tissue.

5.2.5 Histology & Immunohistochemistry
Haematoxylin & Eosin (H&E)

All tissue sections were embedded into paraffin wax bloclentible sectioning on a
microtome. A routine H & E staining protocol was used to stantrol, microbeam

and broadbeam-irradiated tissue sections. The sectiokn@ss for all histological
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and immunohistochemical sections wagr, unless otherwise stated. All histology
and immunohistochemistry was performed by Ms. Leonie C&@enjre for Women’s

Health Research, Monash Institute of Medical Researclessrdtherwise stated.

DNA double strand breaks usingy-H2AX assay

~-H2AX immunohistochemistry was performed at the Gray Camastitute in the
UK. Antigen retrieval was performed for theH2AX assay by immersing slides in
250 ml of 10mM citric acid (pH adjusted to 6.0) and subjectechicrowave heating
for 4 min at high power ( 850W). The samples were incubatedaC3for 20 mins.
The primary antibody was a 1:200 dilutionpfH2AX, mouse monoclonal, (Upstate,
Temecula, CA, USA). This was applied to the sections andvaiibto sit for 60
minutes at room temperature. This primary antibody wasctiedeusing the DAKO
Envision kit, as per the manufacturer’s instructions (DARGrporation, Carpenteria,

CA, USA). Sections were counterstained using haemataxylin

Apoptosis using TUNEL assay

Detection of apoptosis in tissue sections was achieved) asirApoptag Peroxidase

in situ Apoptosis Detection kit according to the manufaetigrinstructions (Chemi-
con International, Temecula, USA) and a previously pulklisprotocol Ruwanpura et a.
2008. The TUNEL stain was performed by Dr. Saleela RuwanpurenfRrince
Henry’s Institute of Medical Research, Melbourne. In briefsues were incubated
with a mixture containing digoxigenin (Dig)-conjugatedctaotide and terminal de-
oxynucleotidyl transferase at 8T for 1 hour. Tissue sections were incubated with
anti-Dig horseradish peroxidase for 30 minutes. Diaminaizéne (DAKO, Carpen-
teria, USA) was added for 2-3 minutes to reveal sites of Bigibinding. Sections

were counterstained with Mayer’'s Haematoxylin.
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Leukocyte Common Antigen (CD-45)

The primary antibody applied was a 1:1000 dilution of rat-amduse CD45 (Leuko-
cyte Common Antigen, LCA) monoclonal antibody (Becton Digon Pharmingen,
San Diego, CA, USA). Samples were incubated for 1 hour at gre#s. The sec-
ondary antibody was a 1:200 dilution of biotinylated godti-sat IgG (Chemicon,
Temecula, CA, USA) in a 1% solution of BSA and tris-bufferediree. The sec-
ondary antibody was applied to the sections and allowed fors20 minutes at room
temperature. Sections were then covered with an alkalinsgitatase enzyme, avail-
able commercially as the Vectastain ABC elite kit (Vectobbeatories, Burlingame,
CA, USA). The chromogen, diaminobenzidine (Sigma-Aldri8hLouis, MO, USA)
was applied to the sections and left for 5 minutes at room é&satpre before rinsing

with distilled water. Sections were counterstained withyltas haematoxylin.

Proliferating Cell Nuclear Antigen (PCNA)

The primary antibody was a 1:200 dilution of mouse monodli@mi-PCNA dis-

solved in a 1% BSA and PBS (NovoCastra Laboratories, Nevecagion Tyne,

UK). Samples sat at room temperature for 30 mins, whereupey were washed
with tris-buffered saline. The primary antibody was detdatsing the Envision anti-
mouse HRP kit (Dako Corporation, Carpenteria, CA, USA)sMas applied to the
sections and allowed to sit for 30 minutes at room tempegatdihe chromogen,
diaminobenzidine was applied to the sections and left foritutas at room tem-
perature before rinsing with distilled water. Sectionseveounterstained with 1:10

dilution of Harris’s haematoxylin.

5.2.6 Microscopy & Image Analysis

General Remarks
Colour images of the stained skin sections were acquired &d-uji HC-1000 digi-

tising camera (Fuji Photo Film Co., Minato-ku, Tokyo, Japaonnected to a Zeiss
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Axioskop light microscope (Carl Zeiss GmbH Gottingen, Gany). A calibrated
graticule was used to perform a distance calibration (pitet) for the software in
order to accurately record scale and the distance betwespdimts. The software
used to acquire, analyse and save the images was the Advamagitig System v3.0

software (Interfocus Europe, Cambridge, UK).

~-H2AX
For the analysis of the-H2AX assay, we quantified immunohistochemical informa-
tion observed under the microscope. We acquired digitéducgphotographs within
a known irradiated area. The AIS software possesses an atitotarget detection
algorithm. This software allows the user to input targetecia based on a combi-
nation of colour information (hue, saturation and intgnsénd physical size. The
algorithm then segments structures (cells typically) i@ tegion of interest which
match the target criteria. The program returns statistidarmation from the anal-
ysed images, such as the proportional area (area of detgctetures relative to the
whole image), the cell (grain) count and colour information

The automatic target detection was performed on the 800 Gy Mttions
only. The total count (i.e. number of identifiable cells siging target criteria)
was recorded for those mice irradiated with MRT and culleél ats, 12 hrs, 24 hrs
or 48 hrs post-irradiation. The analysis was not performetroad beam-irradiated
sections because the emphasis of the research was toydamiihmunohistochem-
ical marker for MRT. Figure 5.4 is a screenshot from the AlSgoam showing an
example of the automatic target detection segmentingtsties on an image which

match the target criteria.
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Figure 5.4: AIS autmatic target detection of structures anieroscopy image of
MRT-irradiated mouse skin

TUNEL & Apoptosis quantification

For this study, the quantification of apoptosis in MRT and iBBdiated sections was
performed on the 800 Gy section only. A total of six digitaliges were acquired
from each 800 Gy section. The aim was to examine and quargdptatic activity
within the sections. The tissue sections were from miceedu hrs, 12 hrs, 24
hrs and 48 hrs post-irradiation. Images were saved in a nigdddermat which
prevented the observer knowing to which experimental gtbepsection belonged
during the scoring process. Counting of TUNEL-labelledscébentified by deep
brown nuclear staining) was performed manually by anotksearcher blinded to

the image file naming system.

LCA & PCNA

For the analysis of these assays, the aim was to quantifyetave degree of pro-
liferation, and the proportional area of LCA-positive mgs. The photographed
region was known to be within an irradiated area. TargeeGsatwere established

using control tissue sections. The AlS automatic targetadiein algorithm was used
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to quantify the proportional area of LCA-positive regionghahue, saturation and
intensity values preset to a threshold condition, to assiitt the target detection.
For the leukocyte common antigen analysis, the automatetaetection was per-
formed over the entire image and the proportional area ddeytes recorded. For
the PCNA analysis, the proportional area and the intensity iecorded over a re-
gion of interest based around the epidermis and upper derfas both the LCA

and PCNA sections, automatic target detection was perfbforethe three different
doses (200 Gy, 400 Gy and 800 Gy) for mice irradiated and @dl&hrs or 5 days

post-irradiation.

H&E
Digital photographs of the H & E sections were obtained ineori report basic,
gualitative morphology on MRT and BB-irradiated mouse glsaue at the different

time intervals post-irradiation.

5.3 Results

Outcome 1

In normal skin,y-H2AX is a high resolution marker that distinguishes betw#s-
sues that have received peak compared to valley doses asbe#m radiation. Fig-
ure 5.5 shows MRT tracks identified byH2AX immunostaining of mouse skin
irradiated with a peak-in-beam dose of 800 Gy and culled as&l), 12 hrs (c), 24
hrs (d) and 48 hrs (e) post-irradiation. An un-irradiatezhtool section (a) shows the
absence ofi-H2AX-positive staining. The different tissue compartrseof skin and
objects such as hair follicles and sebaceous glands arkeldlom selected images.
We did not perform detailed analysis erH2AX sections 5 days post-irradiation
because there were large amounts of non-specific, backdjsiaiming visible which
interfered with the auto-detection algorithm. The widthtud ~-H2AX positive re-

gions fluctuated from approximately &0n 6 hrs post-irradiation, to approximately
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Figure 5.5:v-H2AX assay on unirradiated, control skin.

30 um 48 hrs post-irradiation. The stripes did not always appesiectly straight,
possibly due to movement of different skin layers as a resfudtretching the skin
flap for irradiation.

Epithelial cells, such as those found in the epidermis armhinfollicles, stained
strongly for~-H2AX, indicating the sites of DNA double strand breaks (B)p
Endothelial cells in irradiated blood vessels were alsatpedor v-H2AX, as were
cells in the muscle layer. Fibroblast-like cells in the disrwere predominantly
negative fory-H2AX.

The immunohistochemical staining in normal skin was maxkiériars postirrad-
iation with MRT (in-beam, entrance dose 800 Gy), as revebjeplotting the mean
cell count (cells/nuclei positive foy-H2AX per mn?) in MRT-irradiated skin tissue
(Figure 5.5(f)). A one-way Analysis of Variance (ANOVAwas performed on the
~v-H2AX count data with a significant difference (p < 0.0001setved between the

different time points. Whilst phosphorylatedH2AX decreased rapidly, it was still

IStatistical analysis, such as ANOVA calculations, werdqrered using the SPSS v.15 statistical
software package. SPSS Inc., Chicago, IL, USA
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Figure 5.5: (cont'd)y-H2AX in mouse skin 6 hrs post-irradiation.

Figure 5.5: (cont'dyy-H2AX assay on mouse skin 12 hrs post-irradiation.
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Figure 5.5: (cont'dyy-H2AX assay on mouse skin 48 hrs post-irradiation.



5.3. RESULTS 113

1600

1400 T i_’_ G-H2AX Counts |

—

N

o

o
|

1000 -
800 =

600 / \I

400 , I\ <]
500 I N \{

0 T T
0 6 12 18 24 30 36 42 48 54

Culling time post irradiation (hours)
V)

Figure 5.5: (contd) Quantitative plots ef-H2AX in MRT-irradiated mouse skin.
Zero hours post-MRT corresponds to unirriadiated, coritsslie. Error bars corre-
spond to two times the standard error of the mean (SEMRAX count.
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evident at 48 hours.

Outcome 2

Virtually all epithelial cells stained positive for PCNAgluding cells in unirradiated,
control sections, casting doubt on the PCNA data and itsulrsefs as a cellular
marker of MRT (Figure 5.6).

Given the unexpectedly high levels of PCNA positive stagrimthe control sections,
we did not pursue quantification of this marker in the MRT&tesl samples. How-
ever, we did observe interesting phenomena on the PCNAbssatihich we pursued

using standard H & E stains.

Outcome 3
H & E, morphology and epidermal thickness measurements stigivdose broad
beam radiation causes severe tissue damage compared tplanar delivered ra-

diation. Upon examination of H & E-stained sections undghtlimicroscopy, it was
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Figure 5.6: Unirradiated control skin section, showindteglial cells staining posi-
tive for PCNA

clear that high dose broad beam radiation caused catagtrdpmage to the skin
compared to high dose MRT. The characteristic stripes ek$raf MRT damage
reported by various authors in the cerebellum of rats weteanall visible in skin,
hence our motivation for finding a marker suchhasl2AX. Therefore, phenomena
such as epidermal swelling were clues to the zones of inedliissue. Epidermal
thickening was noticeable in BB-irradiated tissue by 24 pwost-irradiation, espe-
cially for the 400 Gy and 800 Gy sections. Epidermal swellivegs noticeable only
in the 800 Gy MRT irradiated sections by 48 hrs post-irradiat

The damage caused by BB radiation was most pronounced bys5pday-irrad-
iation. Prior to culling the mice, hair epilation and skiriskéring were noted in
animals which received 400 Gy and 800 Gy doses. A dose of 400f@®B ra-
diation caused epidermal denuding (Figure 5.7(b)). Intamidi sebaceous glands
and entire hair follicles had vanished. Large, necrotidtes/which made identify-
ing the tissue type quite difficult were observed in 400 Gy 8@ Gy sections (f).
The 200 Gy sections displayed gross epidermal swellindioleytic infiltration and
morphological damage to hair follicles and sebaceous gléad

The effects on skin tissue 5 days post-irradiation with MRSreMess pronounced

than with BB. The 200 Gy sections (c) appeared very similahme-irradiated con-
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(a) control

(d) 200 Gy BB

(f) 800 Gy BB

Figure 5.7: Images of H & E stained mouse skin sections stpwiore severe dam-
age to BB-irradiated skin than MRT-irradiated skin; (a)realiated, control, (b) 400
Gy broad beam, (c) 800 Gy broad beam, (d) 200 Gy broad bear20(ely MRT,
and (f) 800 Gy MRT Images (b)-(f) are from mice culled 5 daystgaadiation.
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trols (a). The 400 Gy sections showed epidermal swellingiaoatased presence
of leukocytes, but structures such as hair follicles anchsetus glands appeared
relatively normal. The damage caused by a dose of 800 Gy of M& more no-
ticeable, with considerable epidermal swelling obsened Basal cells within the
epidermal layer appeared morphologically damaged witbesde of hypertrophy.
Hair follicles also appeared morphologically damaged.

The epidermal thickness measurements are plotted in fig8rdt3vas not pos-
sible to measure epidermal thickness for 800 Gy BB by 48 hst-ip@diation. Nor
was it possible to measure epidermal thickness for 400 Gyosscby 5 days post-
irradiation. The epidermal layers for these sections hashbargely denuded by
the broad beam of high dose radiation. The treatment mgddbse and cull times
post-irradiation is indicated on the x-axis.

A one-way ANOVA was performed on control and MRT sectionstfar 48 hrs
and 5 day post-irradiation samples. There was a statistisgnificant difference
in epidermal thickness (P < 0.0005) between the four groogstol, 200 Gy, 400
Gy and 800 Gy MRT) at both the 48 hr and the 5 day cull point. faostanalysis
(Tukey’s Highest Significant Difference) showed significarat the 0.05 level for the
800 Gy sections only at 48 hrs post-irradiation, and sigaifoe at the 0.05 level for
the 400 Gy and 800 Gy sections at 5 days post-irradiation.

Outcome 4
High-dose, broad beam radiation reduced proliferationdstrdying epithelial cells.
Figures 5.9(a-d) show H & E-stained sections for mouse skiages are shown for
(a) control, (b) BB 800 Gy, mid-treatment field, 5 days posddiation, (c) MRT 800
Gy, mid-treatment field, 5 days post-irradiation and (d) BB 45y (field edge) 5
days post-irradiation.

By 48 hrs post-irradiation with a BB field, the skin proliféca appeared to
decrease compared to the control group, with epithelid$ celstroyed (5.9b). Im-

mediately outside the field, proliferation appeared toease substantially before
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Figure 5.8: Epidermal thickness (irm) of MRT and BB-irradiated mouse skin tissue
at different time points post-irradiation. The error bassrespond to two times the
standard error of the mean epidermal thickness.

Figure 5.9: Images of H & E-stained skin sections for (a)naiiated control, (b) BB
800 Gy, 5 days post-irradiation, (c) MRT 800 Gy, 5 days postdiation and (d) BB
400 Gy 5 days post-irradiation. The field edges are not ifiebte in MRT-irradiated
skin.
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returning to control levels further from the field edge (dheTield edge and penum-
bral regions are indicated by arrows in (d). Epidermal teickg and (presumably)
increased proliferation are obvious on the right hand sfdd)o

The epidermal thickening at the edge of the broad beam figldred to control
levels approximately 1 mm from the estimated field edge awsho figure 5.10, a
montage of three H & E images. No such behaviour was obsemgtRiT-irradiated

skin.

Field Estimated field edge

Figure 5.10: Montage of three separate H & E images, tileéttag, to illustrate
the effects of the edge of a 400 Gy broad beam on skin, 5 daysrpadiation. The
irradiated regions are to the left of the estimated field extgkessentially out of the
picture. The epidermal thickness returns to normal, cotexels approximately 1
mm from the estimated field edge.

Outcome 5

Apoptosis was elevated in the first 6 hrs post-irradiatiothwiRT, but there-after
returned to control levels. Figure 5.11(a) is a represimetanage of TUNEL-stained
mouse skin section from a mouse culled 6 hrs post-800 Gy MRE TUNEL-
positive cells are shown with a dark brown nuclear stain es gethe inset (b). The
path of the microbeams through the skin tissue (evident wittRAX) was not visi-
ble using the TUNEL assay. Figure 5.11(c) is a plot of the nemolb TUNEL positive
cells in MRT-irradiated tissue at different time points posadiation. The maximum
number of TUNEL positive cells appeared maximal 6 hours-poatliation, albeit
with large variability between the time points and no staiadly significant differ-

ences. There was no obvious trend in apoptosis, but by 128 g@days) post-MRT
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the number of apoptotic cells was at unirradiated, congetls. The broad beam

TUNEL data is not shown because cell counting was only peréor out to 48 h

post-irradiation.
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Figure 5.11: TUNEL assay on mouse skin (a) 6 hrs post-irtexiaTUNEL positive
cells appear with a dark brown nuclear stain. (b) magnifiedioa of (a) showing a
TUNEL-positive cell. (c) Quantitative plots for manual TEN counts. Error bars
correspond to two times the standard error of the mean TUN&itive cell count

Outcome 6
Treatment modality (MRT/BB) caused a significant change (p05) in the propor-
tional area of leukocytic infiltration (i.e. population @ukocytes) but increasing the

dose (for both MRT and BB) did not. There was no clear indaratf the paths of
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individual microbeams through the tissue with the CD45 yasRapresentative pho-
tographs from the LCA immunohistochemistry assay are shindigures 5.12(a-c).
Regions positive for leukocytic activity are shown in browreukocytic infiltration
was apparent in the MRT-irradiated sections by 48 hrs poastiation.

Figure 5.13 is a plot of the proportional area for the diffgérieeatment modalities
and doses for irradiated skin sections 48 hrs and 5 daysipadiation. Post-hoc
statistical analysis (Tamhane method) showed a statlgtisgnificant difference
(p < 0.05) in the proportional area of leukocytic infiltratitbetween control and
MRT samples for the 400 Gy and 800 Gy groups. This was true Iy #8 hrs
and 5 days post-irradiation. There was also a significarfiéréiice (p < 0.05) in
proportional area between control and BB, and between MRITB&hby both 48 hrs
and 5 days post-irradiation, for all three doses. Incregibia dose within a treatment
modality, did not cause statistically significant changethée proportional area of the
LCA positive regions. The modality (control, MRT, BB), bubtrthe dose, was the

significant factor for changes in proportional area.

5.4 Discussion

The results of this study show that theH2AX immunohistochemistry assay pro-
vides spatial localisation of DNA double strand break repelMRT-irradiated tissue.
The~-H2AX marker distinguishes between tissues that havevedgieak compared
to valley doses of microbeam radiation. Histological asg&/& E) and immunohis-
tochemical assays such as CD45, PCNA and TUNEL, failed ttéoelRT-irradiated
zones in mouse skin. Single stain TUNEL, LCA and PCNA ass&ysot identify
spatially-localised regions of apoptosis, leukocyticlirdtion or proliferation as ini-
tially hypothesised.

The~-H2AX immunohistochemistry assay has been used as a catamibio-
marker of radiation-induced DNA double strand breaks aatt tepair, Sedelnikova et al.

2002 Rothkamm et a) 2003 Rothkamm and Lobrici2003 and Qvarnstrom et aJ.
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Figure 5.12: Images of LCA-stained skin sections for (aynawiiated control, (b)
MRT 800 Gy, 5 days post-irradiation and (c) Broadbeam, 800 %5gays post-
irradiation .
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Figure 5.13: plot of CD45/LCA proportional area in MRT and BBadiated mouse
skin, as detected by AlS automatic detection algorithmoars correspond to two
times the standard error of the mean proportional area.

2004 Lobrich et al, 2005 Rothkamm et a).2007). Exposure to ionising radiation
results in the formation of DNA double strand breaks. A dane@mn event is the
phosphorylation of the histone, H2AX, on Ser139 of the caybtril after irradia-
tion. Upstream DNA damage kinases include ataxia telatager mutated protein
(ATM), ataxia telangiectasia Rad3-related protein (ATRY &NA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs,) as revieweKawo et al.(2006. These
events are important for our understanding of the undeglypirochemistry ofy-
H2AX.

In this study, we observed that not all cell types in the diffé compartments
were positive fory-H2AX. We do not know the reasons for this heterogeneity. The
differences could reflect tissue compartment heterogeimeli2AX expression or in
phosphorylation capacity. There may also be differencéisaérupstream DNA dam-
age kinases; ATM, ATR and DNA-PKcs (Kai Rothkamm, persoiahmunication).

The single stain immunohistochemical assays of leukoayfiitration, apoptosis
and proliferation did contain useful biological informatiin their own right. In the
case of the PCNA assay, it was hypothesised that the pattgnolderation at the

very edge of a broad beam would resemble the pattern of gralibn between two
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adjacent microbeams when the same in-beam dose was délit¢oe/ever, this was
not the case.

The differences in proliferation between a BB-irradiateddfiand a MRT-irrad-
iated field are clearly evident in the H & E images shown in fegbu7. Large amounts
of proliferating cells were observed ‘massing at the ba'déthe BB sample (Fig-
ure 5.7(d)), as if trying to migrate into the irradiated zemad promote repair and
proliferation. Repair was not possible however, owing ®dhtastrophic damage to
the tissue over distances of several millimetres. This phmmon was not observed
in the case of MRT-irradiated tissue.

Normal tissue appears to possess the ability to tolerate divges of radiation
when it is delivered in a microplanar fashion. The abilityepithelial cells to prolif-
erate is not substantially affected, at least in the firstysgost-irradiation. When
the radiation is delivered uniformly as a broad beam, thétalof cells to prolifer-
ate appears compromised owing to widespread tissue dan@agsh findings may
be an important contribution to the debate on how normal 8&sue tolerates high
doses of microplanar-delivered radiation compared to kigbe broad beam radi-
ation. This phenomena is clearly also of interest to ragliatherapy for cancerous
tissue. However, there is still much that remains unknowhraare work is required.

The findings presented here are consistent with the thedhafig et al(2003),
who postulated that the unique skin-sparing effect of MRielated to the survival
of stem cells located close to hair follicles and lying in tladley region between ad-
jacent microbeamsZhong et al (2003 also noted that in the epidermis, clonogenic
cells in the hair folicular epithelium, appeared to play & kale in the regenerative
process.

These findings are also consistent with Hopewell’'s ideasherahatomical and
structural response of tissue having more to do with mignatind absolute field
sizes than on a volume effeper se as outlined in Section 2.1.3 of this thesis.
It may be informative to perform an isoeffect study, similarthe pig skin work

of Hopewell et al.(1986) andHopewell (1990, but using smaller and smaller field
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sizes, down to 2m. In Hopewell's work, it was observed that for a particular b
ological effect (moist desquamation in skin), the dose ireguto cause this effect
increased dramatically as the field size was reduced fromdéoms to less than 5
mm.

We observed that all epithelial cells (including contraitsens) appeared to stain
positive for PCNA. This indicates that PCNA is not in fact &fug marker of pro-
liferation in this tissue and the proliferation results iaglbd must be treated with
suspicion. Quantitative PCNA data is not shown as a resuthafe specific marker
such as bromodeoxyuridine (BrdU), which is incorporated the DNA of replicat-
ing cells, is required. Unfortunately, BrdU staining canhe performed retrospec-
tively. With this approach, the treated animal is injecteithvBrdU solution four
hours before culling, in order that it can be incorporated the replicating DNA. A
BrdU experiment was performed by our research group in aesulest field trip to
SPring-8 and is reported in the next chapter.

It is clear that any attempt to understand the radiobiokdgidfects of MRT on
a cellular level requires an immunohistochemical assal asg-H2AX which can
discriminate between peak and valley irradiated sectiorsaellular level. In skin at
least, the conventional histological assays such as H & Hgedimited information
on MRT zones, but not broad beam fields.

In conclusion,y-H2AX is an excellent cellular marker of microbeam radiatio
therapy. The spatial localisation of the microbeams wiH2AX was so precise that
the path of the radiation through an individual hair folliddulb could be visualised,
as shown in figure 5.14. This remarkable image is testamdrintpto~v-H2AX as
a marker of radiation damage/repair, but also to the pi@tiand spatial resolution

of synchrotron microbeam radiation therapy.
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Figure 5.14: The central portion of a hair follicle bulb appepositive fory-H2AX
indicating the path of an X-ray microbeam. The skin secticaasrom a mouse
culled 6 hrs post-irradiation. Epithelial cells in the aypertions of the follicle were
not positive and thus were spared the high dose microbea®hGg)






CHAPTER 6

Acute Cellular Response of
Normal & Malignant Tissue to
High Dose Synchrotron

Microbeam Radiation Therapy

6.1 Introduction

This chapter appears as a complete paper, which was suthtaitteeJournal of the
National Cancer InstituteHowever the journal’s editorial board did not accept it for
publication. Itis currently being re-formatted for subgiis to another journal. The
paper, as it appears here, contains its own bibliograpltyreference styles, separate
from the rest of the thesis. The figures appear at the end gbdper. Since this
chapter is intended as a stand-alone publication, thenig sepetition of material

from other chapters in this thesis.
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ABSTRACT

Background Synchrotron microbeam radiation therapy (MRT) is a candidate
for clinical use following demonstration of efficacy in tumor-bearing rodent
models with remarkable sparing of normal tissue. The underlying cellular
mechanisms are poorly understood.

Methods MRT irradiations were performed using X-rays of mean energy 125
keV, segmented into an array of 25 um-wide, planar microbeams, with peak-
to-peak separations of 200um. Planar (560 Gy) or cross-planar (2x280 Gy or
2x560 Gy) irradiations were delivered to mice bearing mammary tumors.
Immunohistochemical staining of DNA double strand breaks, proliferation and
apoptosis was performed on irradiated tissue sections. The MRT response was
compared to conventional radiotherapy at 11, 22 or 44 Gy.

Results This study provides the first evidence for a differential tissue response
at a cellular level between normal and tumor tissues following synchrotron
MRT. Within 24 h of MRT to tumor, obvious cell migration occurred into and

out of irradiated zones. MRT-irradiated tumor showed significantly less
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proliferative capacity by 24h post-irradiation (P= 0.002). Median survival
times for EMT-6.5 and 67NR tumor bearing mice following MRT (2x560 Gy)
and conventional radiotherapy (22 Gy) increased significantly compared to
unirradiated controls (P< 0.0005). However, there was markedly less normal
tissue damage from MRT than from conventional radiotherapy.

Conclusions MRT-treated normal skin mounts a more coordinated repair
response than tumors. Our studies did not find evidence of a microvascular
effect in MRT-irradiated tumors. Cell-cell communication of death signals
from directly irradiated, migrating cells, may explain why tumors are less

resistant to high dose MRT than normal tissue.

Abbreviations:

MRT - Microbeam Radiation Therapy

BrdU — Bromodeoxyuridine

TUNEL - Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End
Labelling

JASRI - Japan Synchrotron Radiation Research Institute
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Synchrotron Microbeam Radiation Therapy (MRT) has been used in a number
of pre-clinical studies on tumor-bearing rodent models (1-4). A high flux, X-
ray beam from a synchrotron is segmented into micro-planar arrays of narrow
beams, typically 25 um wide and with peak-to-peak separations of 200 pm.
Normal tissue is reported to be exceptionally resistant to hundreds of Grays of
peak, in-beam dose delivered by MRT (5). Such doses are 1-2 orders of
magnitude greater than those delivered using conventional radiotherapy.
MRT has been shown to cause significant tumor growth delay and in some

cases, tumor ablation (3).

It is not known why normal tissues can tolerate such high doses of
microplanar-delivered radiation, or why tumors respond so well to MRT when
only a fraction of their volume is irradiated. Knowledge of the radiobiological
response to MRT at a cellular level is important since the tolerance and repair
mechanisms may inform current radiotherapy paradigms and dramatically

alter the existing treatment regimens used for tumor control.

Using conventional histology, it is not possible to determine where the
microbeams traversed most tissues. The distinctive stripes of radiation damage
to neural cells in the cerebellum, as reported by Laissue et al. (3, 6) and others,
are not observed in skin for example, using conventional histological methods
(5). To allow investigation of the cellular mechanisms underlying MRT, we
have used immunohistochemistry of y-H2AX as a quantitative bio-marker of

radiation-induced DNA double strand breaks and repair (7-12) to reveal the
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path of the microbeams through tissue sections in the hours and days

following irradiation.

The aims of this study were to demonstrate an anti-tumor effect with
relative normal tissue sparing using MRT compared to conventional
radiotherapy, and to quantify cell proliferation, apoptosis and DNA repair, in
normal skin and malignant tissue, in the hours and days following high dose
synchrotron MRT. We hypothesise that differences in proliferation, apoptosis
and DNA repair between normal tissue and tumor may explain the relative

resistance of normal tissue to microplanar generated X-rays.

Materials and Methods

Synchrotron Radiation Source

Beamline BL28B2 at the SPring-8 synchrotron, Hyogo, Japan was used for
microbeam irradiation. Information on this beamline is available from the
SPring-8 website (13). The beamline utilises a bending magnet to produce
polychromatic X-rays from 8 GeV electrons, with a stable beam current of 100
mA. The synchrotron X-ray beam was hardened to a mean energy of 125 keV
using a 3 mm thick copper filter that preferentially absorbs low energy X-rays
(14). The energy spectrum of the open X-ray beam from the bending magnet
on BL28B2 was simulated using the SPECTRA program of Tanaka and

Kitamura (15) and is shown in Figure 1, A.
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Microbeam Generation

The electron beam in the bending magnet produces a virtually parallel beam of
X-rays with minimal vertical divergence. The high flux produced by
synchrotron radiation permits the beam to be split or segmented into an array
of parallel microbeams each several orders of magnitude more intense than the
flux from conventional X-ray sources with a low flux between the beams. A
fixed geometry tungsten/kapton collimator, as described in (14), was used to
segment the broad beam into an array of planar microbeams. The thickness of
the tungsten/kapton collimator in the direction of the beam was approximately
10 mm. The nominal beam width was 25 um, with a centre-to-centre spacing
of 200 um. Figure 1, B shows a small piece of radiochromic film exposed to
MRT to illustrate the spatially fractionated geometry of MRT. The exposure
time was adjusted by varying the opening time of an upstream lead shutter,

which blocked the X-ray beam.

Dosimetry

The experimental dose from the incident beam was estimated by careful
measurements of the ion current, recorded by a free-air ionisation chamber
(OKEN S-1194, Tokyo, Japan) and compensating for the beam cross section.
The energy liberated by the measured charge and the mass of air ionized was
calculated to determine the dose in air. Accurate dosimetry for MRT is not
trivial, with most groups relying on Monte Carlo computer simulations of

absorbed dose distribution (16-18). We have developed a method of
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measurement-based dosimetry for MRT using radiochromic films of different
sensitivity, analysed using a microdensitometer, to determine the peak-to-
valley dose ratio at different depths in tissue equivalent material. The range of
peak-to-valley dose ratios between depths in tissue up to 10 mm (comparable
to the mouse leg thickness) was 144 to 65. A complete description of the
dosimetry employed for this MRT research is described in Crosbie et al. ' For
treatment of both normal skin and tumors, radiochromic film (GafChromic
HD-810, ISP Corp, New Jersey, USA) was placed on both sides of the skin
flap or the leg bearing the tumor to permit in situ visualisation of the entrance

and exit radiation fields.
Cell Lines, Mice and Tumor Growth

The EMT6.5 and 67NR mouse mammary tumor lines were cultured in alpha
minimal essential medium (0-MEM) supplemented with 5% fetal calf serum
and 1% penicillin/streptomycin at 37°C in 5% CO?2 in air. Adult, female ddY
mice (JASRI/SPring-8, Japan) and Balb/c mice (Animal Resource Centre,
Perth, Australia) were used for the normal tissue studies, whilst female Balb/c
mice (6-8 weeks of age) were used for the tumor studies. EMT6.5 and 67NR
mammary tumor cells (50,000), both syngeneic to Balb/c mice, were injected
subcutaneously into one or both hind legs, depending on the experiment, 7-10
days prior to the scheduled access time to the synchrotron. Based on pilot

studies, this allowed small (1-2mm diameter) but palpable tumors to be

' J Crosbie, et al., A method of dosimetry for synchrotron microbeam radiation therapy using radiochromic films of
different sensitivity. Accepted for publication in Physics in Medicine & Biology September 2008.
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identified on the outside of the leg at the time of MRT treatment. Mice were
transported from Australia to Japan for treatment at the synchrotron after
tumor inoculation, and returned to Australia for monitoring of tumor growth
and normal tissue toxicity following treatment. Animals were culled when the
thickness of the tumor plus leg reached 11 mm. For irradiation, the mice were
anaesthetised with sodium pentobarbital (approximately 10 ml/kg). All
experimental protocols were approved by the animal welfare committees of

JASRI/SPring-8 and Monash University.
Irradiation of mice

Uni-directional synchrotron irradiation of normal and tumor
tissues. For investigation of cellular responses to MRT, mice were
irradiated with a single fraction of unidirectional, microbeam radiation
with an in-beam, entrance dose of either 800 Gy (ddY mice) or 560 Gy
(Balb/c mice). Dorsal hair was shaved, a skin flap was raised along
the back and radiochromic film was placed on both sides of the skin
flap to demarcate the entrance and exit radiation fields. The irradiation
field size was 6 mm x 6 mm for the 800 Gy dose and 10mm
(horizontal) x 6mm (vertical) for the 560 Gy dose. For sham-irradiated
controls, six mice were anaesthetised and positioned on the treatment
jig in an identical fashion to the irradiated mice. In some short term
experiments, Balb/c mice that received the dorsal dose of 560 Gy were

also subjected to a 560 Gy exposure to the right hind leg, which had
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previously been inoculated with the EMT-6.5 tumor, using an

irradiation field size of 10 mm x 10mm.

Cross-hatched synchrotron irradiation of tumors. Cross-hatched
MRT was delivered to the mouse leg by rotating the jig by 90 degrees
in the plane orthogonal to the incident beam and delivering a second
MRT dose (2). A photograph of the setup and the cross-hatch pattern
on radiochromic film is shown in Figure 1, D. The total irradiation
field size was 10 x 10 mm. Nine 1mm increments of a goniometer-
driven sample stage were required to deliver the beam in a ‘step and
shoot” manner. 67NR and EMT-6.5 tumor-bearing mice were
randomised into MRT high dose, low dose and zero dose (control)
groups, with ten animals in each group. The peak in-beam doses for
the high and low dose groups were 560 Gy and 280 Gy respectively.
Where the microbeams overlapped, the delivered entrance dose was as
high as 1120 Gy. The valley dose was between 8 Gy and 17 Gy,
assuming maximum and minimum peak-to-valley dose ratios of 144
and 65 respectively across the relevant tissue depths . Tumor growth
was monitored and mice culled if the combined thickness of the leg

plus tumor reached 11mm.

Broadbeam irradiation. Balb/c mice (10 per group) bearing EMT6.5
tumors on the right hindlimb were subjected to 0, 11, 22 or 44 Gy

using a Varian 2100C linear accelerator (Varian Medical Systems, Palo
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Alto, CA, USA), seven days after tumor cell inoculation. The dose rate
was 20 Gy/min in a 6 MeV electron beam. The field size was 25 mm x
25 mm, with lead shielding to allow exposure only to the tumor-
bearing leg. The mice were monitored for tumor growth and radiation
toxicity and culled when the leg plus tumor thickness reached 11 mm
or earlier if the tumor became ulcerated, or if the mouse showed signs

of distress due to swelling or skin damage resulting from the radiation.

Response of cultured tumor cells to irradiation. Known numbers of
EMT®6.5 and 67NR cells were plated into triplicate 6cm Petri dishes for
6h prior to exposure to graded doses (up to 12.5 Gy) of radiation at a
dose rate of 0.59 Gy/min using a Cs-137 gamma irradiator (Gammacell
40, Atomic Energy of Canada, Limited). Clonogenic survival was
measurement by colony formation 8-9 days after the radiation

exposure.

Tissue Harvesting. To obtain tissues for investigating cellular
mechanisms, mice were culled by cervical dislocation at timed
intervals up to 5 days post-irradiation. In some experiments, the mice
were injected with bromodeoxyuridine (BrdU) (40 mg/kg) 4h before
being culled. The skin flap and tumor were excised and fixed in

formalin for 4-6h for subsequent histology and immunohistochemistry.
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Histology. Formalin fixed tissues were embedded in paraffin and sections
used for conventional haematoxylin & eosin staining, for apoptosis detection

and for immunohistochemistry.

Apoptosis. In situ detection of apoptosis in tissue sections was
achieved using an Apoptag Peroxidase in situ Apoptosis Detection kit
according to the manufacturer’s instructions (Chemicon International,
Temecula, USA) and a previously published protocol (19). In brief,
tissues were incubated with a mixture containing digoxigenin (Dig)-
conjugated nucleotide and terminal deoxynucleotidyl transferase at
37°C for 1 hour. Tissue sections were incubated with anti-Dig
horseradish peroxidase for 30 minutes. Diaminobenzidine (DAKO,
Carpenteria, USA) was added for 2-3 minutes to reveal sites of anti-
Dig binding. Sections were counterstained with Mayers

Haematoxylin.

DNA Double Strand Breaks & Proliferation. Immunohistochemical
detection of y-H2AX required antigen retrieval by microwaving
sections in a citrate buffer for 10 minutes. Sections were incubated
overnight at 4°C with antibody (Anti-phospho-Histone H2AX (Ser139)
Clone JBW301, Upstate, Temecula, CA, USA) diluted 1:1000 in a
mouse-on-mouse diluent. Mouse-on-mouse biotinylated secondary
antibody kit, conjugated with a Vectastain ABC kit (Vector

Laboratories Inc., Burlinghame, CA, USA) was applied at room
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temperature for 10 min, followed by chromogen (diaminobenzidine,

Sigma-Aldrich, St Louis, MO, USA) for 5 min at room temperature.

For BrdU localisation, antigen retrieval was achieved using
pepsin  digestion, followed by sheep anti-BrdU (Biodesign
International, Saco, Maine, USA) diluted 1:1000 in 10% donkey serum
overnight at 4°C. A biotinylated donkey anti-sheep secondary antibody
(Jackson Immuno Research, West Grove, PA, USA) conjugated with
alkaline phosphatase streptavidin (Vector Laboratories Inc.,
Burlinghame, CA, USA), was applied at room temperature for 30 min,
with Vector Blue chromogen (Vector Laboratories Inc., Burlinghame,
CA, USA) to identify cells undergoing DNA replication. Both single
and double immunohistochemical staining was achieved using

antibodies for y-H2AX and BrdU.
Image Analysis

Images of immunostained skin and tumor sections were acquired using a Zeiss
ICc3 digital camera connected to a Zeiss Axioskop light microscope (Carl
Zeiss GmbH, Gottingen, Germany). A calibrated graticule was used for
software-driven distance calibration (pixels/um). The software used to
acquire and analyse the images was Axiovision v.4.2 (Carl Zeiss GmbH,

Gottingen, Germany).

Digital images were acquired in areas corresponding to the irradiated

regions, covering peaks and valleys Manual cell counting (number of cells per
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mm?®) was performed for the images acquired from the TUNEL and vy-
H2AX/BrdU assays on normal skin tissue and the TUNEL assay on tumors on

a total of six images per mouse using a x20 objective lens.

For the quantification of y-H2AX and BrdU in tumors, the automatic
target detection algorithm of the Axiovision software was used to segment
cells based upon the criteria of colour information (hue, saturation and
intensity) and their physical size. The y-H2AX and BrdU counts were
obtained from a single image using a x10 objective lens. Statistical
information was extracted from the analysed images, such as the proportional
area, the cell (grain) count and colour information. The number of
automatically detected cells per mm?” was recorded for mice irradiated and
culled at the different time points post-irradiation and for unirradiated mice.
Automatic  target detection was carried out on  single-stain
immunohistochemistry sections of y-H2AX and BrdU, rather than the double-

stained sections, to improve the accuracy of the cell detection.
Statistical Methods

All statistical analyses were performed using the SPSS 15.0 software system,
(SPSS, Chicago, IL, USA). Differences in proliferation between irradiated
and unirradiated tumor groups were analyzed with a two-sided, unpaired
Student t test. Log-rank, Breslow and Tarone-Ware tests of equality of
survival distributions were all significant to < 0.0005. Plots of y-H2AX, BrdU

and TUNEL counts are shown as means with 95% confidence intervals.
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Results

Differential cellular responses of normal and tumor tissue to MRT.

DNA damage: y-H2AX was used as a marker at cellular dimensions,for
damage to tissue from the microbeam radiation. MRT tracks were identified
by y-H2AX immunostaining of mouse skin irradiated with a peak-in-beam
entrance dose of 560 Gy and culled 4 hours later (Figure 2, A). Persistent but
reduced immunostaining was also seen at 24 hours (2, B) and 84 hours (2, C)
post-irradiation. An unirradiated skin section (2, D), showed practically no y-
H2AX-positive staining. Epithelial cells in the epidermis and hair follicles
appeared most sensitive to the radiation, as indicated by strong y-H2AX
immunostaining (Figure 3, A). Endothelial cells in irradiated blood vessels
were positive for y-H2AX (3, B) as were cells in the muscle layers (3, C)
while fibroblasts in the dermis were predominantly negative for y-H2AX (3,
A). The spatial localisation of the y-H2AX immunostaining was precise
enough to allow the path of a microbeam through an individual hair follicle

bulb to be visualised (3, D).

In irradiated tumors harvested 4 hours post-MRT, y-H2AX
immunostaining produced a pattern of positive cells that corresponded
precisely to the spatial arrangement of the MRT beam (Figure 4, A). Unlike
skin, EMT-6.5 tumor cells were highly migratory in the hours following MRT,
with obvious movement of y-H2AX positive cells out of peak radiation zones

by 12 hours (4, B), and complete intermixing of peak and valley irradiated
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cells by 24-48 hours post-irradiation (4, C, 4, E). Double immunostaining for
v-H2AX and BrdU confirmed that tumor cells were migrating both into and
out of the peak irradiated zones, resulting in close apposition of peak and
valley irradiated cells throughout the tumor (4, B, 4, C and 4, E). Non-

irradiated tumors showed no evidence of y-H2AX immunostaining (4, D).

Phosphorylated y-H2AX immunostaining was maximal in both normal
skin and tumor 30 minutes post-irradiation with MRT (Figures 5, A, B).
H2AX immunostaining decreased significantly up to 24 hours, but was still
evident at 84 hours in both tissue types. From 24-84 hours post-MRT, y-
H2AX positive cell numbers continued to drop in normal skin, but remained
relatively constant in tumors. The different tissue compartments within skin
(e.g. epidermis, muscle, glands and connective tissue) expressed variable

levels of y-H2AX at four hours post-irradiation (5, C).

Proliferation: There were virtually no BrdU-positive cells in MRT-treated
skin until 48 hours post-irradiation, when proliferation commenced (5, D).
There were clear differences in BrdU staining of different cell types within the
skin, with epithelial cells showing the most proliferation at 84 hours (Figure 6,
A) and the dermis (connective layer) and muscle layers the least (5, E). There
was also evidence of epithelial cell migration in MRT-irradiated skin in and
around hair follicles, sebaceous glands and in the epidermis (6, A). Muscle
tissue immediately underneath irradiated dermis displayed damage and

disruption that was not repaired by 84 hours (6, B).
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The proliferative response to MRT was markedly different in the
tumors. As expected, the majority of cells in non-irradiated tumors were
BrdU-positive (Figure 4, D). At 4 hours post-MRT, BrdU-positive tumor cells
were located in the valley regions between adjacent microbeams (4, A). There
was a significant decrease in proliferation by 24 hours post-irradiation
compared to non-irradiated tumors (P = 0.002) (Figure 5, F), and proliferation
levels remained significantly lower than in non-irradiated tumors until at least

84 hours post-irradiation (P = 0.001).

Apoptosis: We observed a differential persistence of apoptosis in normal skin
and tumor following MRT. Representative images of TUNEL-stained mouse
skin sections (Figures 7, A and B) from mice culled 6 hours post-800 Gy MRT
and 4 hours post-560 Gy-MRT respectively reveal TUNEL-positive cells with
a dark brown nuclear stain. In normal skin, the number of TUNEL-positive
cells was elevated by 6 hours post-irradiation, but by 48 and 120 hours post-
MRT, the number of apoptotic cells had returned to unirradiated skin levels (7,
C). In MRT-treated tumors, apoptosis levels were significantly higher than in
untreated tumors and increased until at least 84 hours post-irradiation (7, D).
TUNEL positive cells in MRT-irradiated tissue did not appear in lines, or

tracks, as observed with y-H2AX.

Tumor growth delay achieved using cross-hatched MRT. Minimal normal

tissue toxicity.

MRT increased survival times for Balb/C mice inoculated with the
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EMT-6.5 and 67NR tumor cells with minimal radiation toxicity. The median
survival times for EMT-6.5 and 67NR tumor bearing Balb/C mice following
MRT (2 x 560 Gy) increased from 16 to 29 and 27 to 42 days respectively,
compared to unirradiated controls (P < 0.0005, Figure 8, A, B). Two mice with
EMT-6.5 tumors in the MRT high dose group and one mouse in the low dose
group were still alive at the end of the study (day 49) with no palpable tumor.
By 28 days post-irradiation, some skin reddening and keratinous crust
was observed on the legs of the irradiated non-tumor bearing mice. We noted
hair epilation and some temporary impairment of leg movement in mice
irradiated with 2 x 560 Gy. These side effects were most noticeable at the
beam exit point on the mouse leg. By 46 days post-irradiation, the only
noticeable effect of the radiation in the high dose group was epilation and

scaly skin.

Tumor growth delay using conventional radiotherapy. Significant normal

tissue toxicity.

The median survival times following broadbeam radiotherapy for EMT-6.5
tumor-bearing Balb/C mice increased from 19 days (unirradiated controls) to
27 days for 11 Gy and to 33 days for the 22 Gy exposure (P < 0.0005) (Figure
8, C). However, this was accompanied by notable radiation toxicity including
swelling of the leg and hair loss at the two higher doses. The 44 Gy group is

not shown on the Kaplan-Meier survival plot since all mice had to be culled
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due to distress from normal tissue damage before the designated endpoint was
reached. These mice suffered from hair loss, reddened, thin and fragile skin

and severe swelling of the leg.

Intrinsic tumor cell response to radiation. The clonogenic survival of the
EMT-6.5 and 67NR tumor cell lines following exposure to increasing doses of
Cs-137 gamma radiation was assessed. The results (8, D) showed that the
response was similar between the two lines, with the EMT-6.5 tumor cell line

being slightly more resistant than 67NR.

Discussion

MRT promises a new approach to radiation therapy. However, there are only a
limited number of reports using rodent tumor models and mechanistic studies
have not been forthcoming. This study provides the first evidence for a
differential tissue response at a cellular level between normal and tumor
tissues following irradiation with synchrotron generated MRT. These
observations have been made possible by the use of y-H2AX as an
immunohistochemical marker to identify MRT irradiated cells, thus allowing

spatial resolution of tissue response at the cellular level.

v-H2AX immunohistochemistry showed that in mouse skin the tissue
geometry is largely retained post-MRT, with stripes of y-H2AX positive cells

visible for at least three and a half days after irradiation. In complete contrast,
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in the EMT-6.5 tumor y-H2AX positive cells rapidly inter-mix with non-
positive cells, such that despite the presence of y-H2AX positive cells 24
hours post-MRT, there is no recognizable spatial organisation into stripes. This
rapid intra-tumoral migration of irradiated cells is a novel observation, and has
significant implications for understanding tumor response to MRT. The extent
of migration in non-irradiated tumors remains unclear, however it has been

reported that only 1-5% of cells within the tumor are motile (20).

The post-MRT tumor cell migration or 'washing machine' effect results
in peak dose and valley dose irradiated tumor cells thoroughly intermixing by
24 hours post-MRT (Figure 4, E). Cells irradiated with 100’s of Gray are
destined to die, but this process may take several hours or days. This mixing
results in close apposition of lethally irradiated and normal cells. If the lethally
irradiated cells are releasing toxic death signals, a localised ‘bystander effect’
between adjacent cells may help to explain the reduction in tumor cell

proliferation.

While y-H2AX induction occurs within minutes of DNA damage, the
dephosphorylation and/or removal of y-H2AX foci by phosphatases occurs
over hours to days and is closely related to double strand break repair proteins
such as Rad50 and BRCAT1 (21). It is unclear why many skin and tumor cells
in our MRT study retain y-H2AX positivity for long periods post-irradiation,
but a correlation between increased y-H2AX persistence, unrepaired DNA

damage and cell death has been observed in some studies, as reviewed in (21).
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Normal human fibroblasts can remain metabolically active for several
weeks following exposure to supra-lethal doses (80 Gy) of X-rays (Kai
Rothkamm, unpublished data). However, DNA double strand break repair in
the presence of thousands of double strand breaks induced by high dose (80
Gy) X-rays is often faulty and most repair events produce large-scale genomic
rearrangements, which are likely to prevent successful mitotic cell division

(reviewed in (22)).

In contrast to tumor cells, the number of y-H2AX-positive cells per
unit area in skin decreases with time to at least 84 hours post-irradiation
(Figure 5, A). The number of y-H2AX-positive cells per unit area in the
EMT6.5 tumor remained constant between 24 hours and 84 hours post-
irradiation (5, B). This supports our proposal that the mechanisms for removal

of damaged cells and for tissue repair are different in normal skin and tumor.

Cell proliferation in skin (as detected by BrdU incorporation) showed a
co-ordinated increase from 24-84 hours post MRT, presumably reflecting
organised tissue repair. This increase in proliferation coupled with the
observed decrease in y-H2AX positive cells demonstrates the ability of an
organised tissue to respond to radiation damage. In contrast, there was
decreased tumor cell proliferation by 12 hours post-irradiation and this
remained low out to 84 hours (5, F). As with the y-H2AX positive cell
clearance, this is consistent with a failure to mount a normal repair response to

radiation damage in the tumor. It is likely that the disorganised architecture of
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the EMT-6.5 tumor impedes a competent repair response to eliminate and

replace radiation-damaged cells.

Based on research in the 1950s and 1960s using a deuteron beam
incident on the cerebellum of rodents, it was hypothesized that blood vessels
irradiated with high dose MRT may be repaired through the migration of
endothelial cells over distances comparable to physical beam width (20-30
um) (23, 24). This microvascular hypothesis was restated by Slatkin et al. (25)
in the first animal studies of synchrotron MRT and also by other MRT
investigators. Serduc et al. (26) published glioma-inoculated mouse data
indicating that the mechanism of action of MRT did not involve a significant
microvascular component, and postulated on cytoreduction mechanisms in
their mouse brain tumor model (26). Our double immunohistochemical
staining of irradiated EMT-6.5 tumors using y -H2AX and CD-31, a marker of
blood vessels, did not appear to show evidence of a microvascular effect in
MRT-irradiated tumors (Supplementary data). Irradiated blood vessels within
EMT-6.5 tumors appeared functional and patent until 84 hours post-irradiation

and were comparable to the vasculature within unirradiated tumors.

It was somewhat surprising that the TUNEL assay was not more
effective at identifying the irradiated zones in the same way that y-H2AX did.
That apoptosis was not preferentially occurring in the MRT tracks could only
be expected if its induction was dose dependent between ~10 Gy in valleys

and hundreds of Gy in MRT tracks. However, apoptosis induction tends to
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increase steeply with dose at low doses (<1Gy) and plateaus at higher doses,
both in lymphocytes and tumour cell lines (27, 28). We are not aware of any

studies comparing apoptosis at tens and hundreds of Gray.

Dilmanian et al. (2) described the palliative effects of MRT on the
EMT-6 mouse model using the cross-hatched technique. They used a 90 pm
wide beam with a 300 pm centre-to-centre spacing with peak, in-beam
entrance doses of 2 x 410 Gy, 2 x 520 Gy and 2 x 650 Gy. The valley dose
was estimated to be 4% of the peak dose. Complete tumor ablation was
reported in four of eight mice in both the 2 x 410 Gy and 2 x 520 Gy groups
with complete tumor ablation in six of seven mice in the 2 x 650 Gy group. In
contrast, only 2/9 mice in our high dose group and 1/9 in our low dose group
had their tumors ablated by the end of the study. A limitation of our study was
a lack of pre-treatment imaging to localise the tumor. Our results may have
been different had we been able to confirm that we irradiated the margins of
the tumor. Further MRT studies need to include pre-treatment verification

images of the target volume.

MRT includes an inherent, broad beam dose, termed the valley dose.
The 11 Gy and 22 Gy dose regimens in our broad beam study were chosen
deliberately to reflect our initial estimate of the mean valley dose in the MRT
arrangement, assuming a peak-to-valley dose ratio of 50 for uni-directional
irradiation. However, subsequent and more precise investigations of this ratio

showed it was closer to 65 at minimum and varied with depth. Therefore, in
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our cross-hatched MRT study, there were parts of the mouse leg that received
a maximum valley dose of 17 Gy. However, these mice did not show the same
levels of radiotoxicity as did the mice that received 22 Gy on a conventional,
linear accelerator, despite a much larger integrated dose (1280 Gy x 25 um
/200um = 70 Gy). Dilmanian et al. noted that there was a unique biological

effect distinct from a volume effect with MRT (2).

Our tumor migration data may have implications for temporal
fractionation, in addition to spatial fractionation. Fractionating the dose in
time may only lead to a smeared broad beam effect, as the tumor cells will
have migrated by the time of the next fraction. This is especially true for a bi-
directional, inter-leafing technique, requiring micron precision. However, if
one were to fractionate with weekly intervals between fractions, the normal
tissue should have repaired itself (extrapolating from Figure 5, A), the overall
dose to the tumor would still be cumulative and the prospect of a cure would

increase.

In conclusion, by using immunohistochemistry of y-H2AX to identify
cells that have received peak doses of synchrotron generated MRT radiation,
we have been able to demonstrate a differential cellular response between
tumor and normal tissues. Tumors showed extensive cell migration post-MRT
resulting in a complete mixing of MRT peak and valley dose irradiated cells
within 24 hours. By contrast, in normal skin peak dose irradiated cells showed

minimal evidence of migration up to 3.5 days post irradiation. There were also
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significant differences in cell proliferation and y-H2AX-positive cell clearance
dynamics in the days following MRT. These data provide the first insights into
biological mechanisms that may explain why normal tissues, but not tumors,

are relatively resistant to spatially fractionated radiation.
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Figure 1. A) The energy spectrum (on a log-log scale) of the X-ray beam
produced by the bending magnet source for beamline BL28B2 at the SPring-8

synchrotron. The spectrum with and without 3 mm of Cu absorber is plotted.
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B) Section of radiochromic film which has been exposed to MRT. C)
Photograph of mouse irradiation setup for survival studies. The mouse and jig
were rotated 90 degrees by hand (orthogonal to the beam) after the first
microbeam irradiation. The inset shows the cross-hatched pattern delivered to

radiochromic film that was attached to the leg of the mouse.
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Figure 2. Representative images of y-H2AX/BrdU-stained sections from
mouse skin at 4 hours (A), 24 hours (B) and 84 hours (C) post-irradiation,
with a peak entrance dose of 560 Gy. The path of the microbeams through the
tissue is visible as brown stripes of cells positive for y-H2AX. D) Image of a
v-H2AX-stained section from unirradiated mouse skin. BrdU-positive cells
appear blue and are epithelial cells in the epidermis layer and in hair follicles

(©).
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Figure 3. Epithelial cells (A), endothelial cells (B) and muscle cells (C) in
normal skin are positive for y-H2AX post 560 Gy MRT. D) The central
portion of a hair follicle bulb is positive for y-H2AX indicating the path of an
X-ray microbeam. This skin section was from a mouse culled 6 hours post-
irradiation. Epithelial cells in the outer portions of the follicle were not

positive and thus were spared the high dose microbeam.
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Figure 4. Representative images of y-H2AX/BrdU-stained sections of EMT-
6.5 tumors from mice culled at 4 hours (A), 12 hours (B) and 48 hours (C)
post-irradiation with a peak entrance dose of 560 Gy. Cells undergoing
histone phosphorylation at DNA double strand breaks are stained brown and
cells replicating their DNA are shown in blue. Cell migration is obvious by 12

hours and by 48 hours the cells have completely intermixed. D) An
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unirradiated tumor section. E) At higher magnification, complete cell
migration and intermixing was observed in some regions by 24 hours post-

migration.
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Figure 5. Quantitative analysis of y-H2AX counts in MRT-irradiated skin
(A), tumor (B), and different skin compartments (C).  Quantitative
measurements of BrdU counts in skin (D), skin tissue compartments (E) and
tumor (F).  For the skin plots, 0 hours post-irradiation corresponds to
unirradiated tissue. Plots (C & E) were weighted to account for the total cell

count in each compartment. In all plots, the uncertainties (error bars) are
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expressed as the 95% confidence interval.

Figure 6. A) Epithelial cells (blue) in normal skin stain positive for BrdU 84
hours post-irradiation. (B) Proliferation was not observed in the muscle layer
post-irradiation, and radiation damage and disruption of the muscle tissue had

not been repaired by 84 h. The arrows indicate the path of the microbeams as
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inferred by positive y-H2AX staining in epithelial cells above the muscle

layer.
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Figure 7. Representative images of TUNEL-stained sections from mouse skin
6 hours post-irradiation with MRT at an in-beam dose of 800 Gy (A) and from
a tumor 4 hours post-irradiation with 560 Gy MRT (B). A TUNEL-positive
cell (apoptotic) is characterised by a dark brown colour in the nucleus.
Quantitative plots of TUNEL counts in skin (C) and tumor (D). The

uncertainties are expressed as the 95% confidence interval.
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Figure 8. Kaplan-Meier survival curves for mice inoculated with the EMT-

6.5 (A) and 67NR (B) tumor cells. Mice were treated with high dose, cross-

hatched MRT (2 x 560 Gy) or low dose (2 x 280 Gy).

C) Kaplan-Meier

survival curves for EMT-6.5 tumor bearing mice treated with conventional

radiotherapy (11 Gy or 22 Gy). D) In vitro clonogenic survival of EMT-6.5

and 67NR tumor cells to increasing doses of radiation from a Cs-137 gamma

radiation source.



CHAPTER 7

Works in Progress

7.1 Introduction

The purpose of this section is to describe works still in pesg, that is, related
projects that were started but not completed within the {irame of the PhD. Some

of these projects are now the subject of a major grant apjaica

7.2 Bidirectional MRT, Gel Dosimetry & Treatment

Planning

The cross-hatch, (or cross-planar) irradiations desdribechapter 6 of the thesis,
and byDilmanian et al (2003 deliver radiation in such a way that the entrance and
exit of the two fields are the same. In chapter 6, the mouseigmndere rotated in
the plane orthogonal to the beam, the clinical equivalentotdting the treatment
couch on a linac before delivering the second field (Figut€¢A)). An alternative is
to rotate in the plane of the beam, the clinical equivalernbtdting the gantry on a
linac before delivering the second field (B).

The advantage to method (B) with MRT, is that the entranceexitf the two
fields would be different. The dose distribution in 3D wouldemble a wine rack

shape as the beams intersected. The PVDR should be lower iamtéinsections but

175
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First field Second field

(A)

First field

(B)

Figure 7.1: Rotating a linear accelerator patient treatmeunch (A) and gantry (B)
by 90 degrees. Rotating the gantry (B) by 90 degrees means-tag beam entry
and exit points are different, thus reducing the total doseormal tissue along the
beam paths.

higher for the entrance and exits of the two fields. Assuniiggcentre of the target
is an isocentric point in space means in theory, a larger cdoglel be delivered to the
target region with sparing of normal tissue along the ew#axit paths of the beam.
Since it is not possible to rotate the synchrotron sourcaratdhe target in the way
one would rotate a linac gantry, it is necessary to find a wagttte the target in the
correct plane instead.
We attempted this on beamline BL28B2 at SPring-8, usingiadstal glass vial

filled with a normoxic gel to simulate a mouse leg. We also riedithe treatment

stage by using an extra goniometer that allowed fast rotdtiothe plane of the
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beam via stepper motor control. Figure 7.2 shows the gortemsetup (a) which is
magnified schematically in (b). We used a CCTV camera withiddgd display to
minimise movements in the gel’'s centre of rotation as ittemtérom -493 to +45.

We delivered various doses to the gels ranging from 500 GY@DZ5y. The gel
polymerises upon irradiation, depending on the dose anderxgoncentration. A
collaboration with Royal Melbourne Institute of Technojag investigating the use

of gels and Raman spectroscopy (to read the gels) for dasimetposes.

Figure 7.2: Bi-directional MRT using a gel positioned in angoneter. The go-
niometer rotates the gel 90 degrees about its central axistation, normal to the
page. An arrow indicates the location of the gel holder ingbriometer, however,
there is no actual gel in the photograph

Figure 7.3 shows the ‘wine rack’effect in the gel, proof aihpiple that such a
bi-directional MRT technique can be delivered to the tardadifficulty of using gels
to detect the dose distribution is the inability to subsedjyeanalyse the dose in 3D
owing to the high spatial resolution demands of MRT, whiche®ds the capability
of, for example, standard magnetic resonance imagingcalgtmography is being
considered for this in the future.

It is likely that the tissue toxicity would be reduced if we n@ego use this bi-

1C.J. Wong, J.C. Crosbhie, C.E. Powell et al. Gel dosimetry &Ba spectroscopy applied to high
dose synchrotron microbeam radiation therapy. Paper stgthtoAustralasian Physical & Engineer-
ing Sciences in Medicinéugust 2008
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Gel in glass vial

Field 1 X-rays

Field 2 X-rays K\

z A

90° rotation

(b)

Figure 7.2: (contd ) magnified version of (a), showing schéoally how the gel
was rotated 90 degrees about its central (z-y) axis betweefirst and second field.
The x-axis is into the page.

Figure 7.3: Bi-directional MRT captured in a gel
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directional approach on a tumour-inoculated mouse leg. mbese leg is quite an
irregular shape and attempting to irradiate from two diogd is challenging. It
would be feasible to rotate the mouse on a turntable-st@tgoin between irradia-
tions, much like the mouse and rat brain irradiations at tS®E are done (Figure
7.4) (Serduc et a).2008. However, this method may be more difficult to do on a
mouse leg because objects such as bone and/or abdomioealrisy be in the direct

path of a beam, hence our motivation to find an alternativénatet

Figure 7.4: Schematic representation of the MRT irradimtieometry used at the
ESRF on rodent brain tumours. Reproduced fi8arduc et al(2008, Copyright
(2008) Institute of Physics Publishing. Image used withrpssion.

The above discussions highlight the need for an MRT treatiplanning system
that incorporates pre-treatment imaging of the targetalisation, simulation and
dose delivery/calculation, tasks with standardised maiin conventional radio-
therapy. The development of an MRT treatment planning sy$seyet another ex-

ample of future work which would be extremely useful for alRWresearch groups.

7.3 GEANT4 Monte Carlo Simulation of a Microbeam

Collimator

Some of the deficiencies in Monte Carlo modelling of MRT weoiped out in the

Discussion section of Chapter 6. One shortcoming is thagithalations in the liter-
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ature do not model a collimator, rather a pencil beam thatdpgmated through air
into a water phantom. As a result, no account is taken oferestiphotons, secondary
electrons and characteristic tungsten radiation gereraiidin the collimator. The
data presented in chapter 6 showed much higher PVDRs at liveator face (ap-
proximately 400) than at the sample stage (approximately 65

It is proposed to use the GEANT4 Monte Carlo code to more atelyr model
the conditions in MRT, and indeed, some progress has alrieedy made. A tung-
sten-kapton-tungsten material has been modelled and thewpgpencil-beam of
photons has been given horizontal and vertical dimensibne.detector material has
always been of arbitrary dimension but can now be modelledaabitrary distance
from the collimator. In this way it should be possible to slate X-ray interactions at
different distances from the collimator. It should also bsgible to look at the scatter
profile as a function of depth within the actual collimataeif and perhaps optimise
its thickness. Finally, the detector material itself wi# modified to resemble the
elemental constituents of radiochromic film, instead adiligwater.

Figure 7.5 shows the revised geometry of collimator and EB dietector. Fig-
ure 7.6 is a plot of a GEANT4 Monte Carlo simulated X-ray miam incident on
EBT film. Suitable histogramming of the data file is still régd in order to ob-
tain the radial microbeam profiles. Superposing these psodit appropriate spacing
intervals would build up an array of microbeams, and enabterchination of sim-
ulated PVDRs, which could be compared to experimentallgiobd PVDRs. This

work is being actively pursued at present.

7.4 Gamma-H2AX-based Biological Dosimetry for MRT

It was apparent after the first attemptsyati2AX staining in skin that a sufficiently
large valley dose was present to show low-ley#12AX foci formation (in epithelial
cells) in the valley region between the peaks, which pegisip to about 12 h post-

exposure (Figure 7.7).
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EET film

tungsten layer

kapton layer

tungsten layer

Figure 7.5: New Monte Carlo simulations of a tungsten-kaptollimator. Colli-
mated X-rays are detected by a sheet of EBT film

25 um X-ray microbeam simulation
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Figure 7.6: Simulated X-ray microbeam (2B x 10 mm) on EBT film. The red
crosses correspond to locations of deposited energy



182 CHAPTER 7. WORKS IN PROGRESS

- bk —
[ o9
", Peak
Valley - (e
; A7
v : " X
_Peak p % ) ‘\ ¥
a, Z g = = L}
LY fin “‘!“'ﬁ
Pt N\ 7z o)

x % e i *t m’
B “. ey , L3 et
'l"\\' 6 i

S

Figure 7.7:v-H2AX staining in murine skin following microbeam radiotagy

In collaboration with Dr. Kai Rothkamm, formerly of the Gr&@ancer Insti-
tute, UK, now Health Protection Agency, UK, we proposed tle of y-H2AX
as a biological dosimeter for MRF-H2AX has previously been used as a bio-
dosimeter in other studies, for examplethkamm and Lobricf003 usedy-H2AX
foci formation in X-irradiated human fibroblasts, and shdveelinear relationship
between the number of DNA double strand breaks per cell andi¢tivered dose.
Rothkamm et al(2007) performed~-H2AX-based biological dosimetry on tissue
which had been CT-scanned, with low dose (mGy) radiation.

In a pilot study, we irradiated flasks of human fibroblastun@$é with peak, en-
trance doses of 8, 10, 20, 50 and 100 Gy MRT on beamline BL28BP&ng-8. At
the time we assumed a PVDR of 50 that is, the valley dose wasf 266 peak dose.
This was based on pilot film dosimetry measurements. A PVDRBOofmeant the
lowest valley dose (8 Gy case) was approximately 160 mGy. [déedelivered low
dose (0.5, 1.0 and 2.0 Gy), broadbeam calibration dosessisftz cell cultures, in
order to generate a calibration curve which we could thenaisgantify the valley
dose of MRT-irradiated cultures. Extra metal absorbersevused to attenuate the
broad beam photon flux in order to deliver a dose lower thanpglanitted by the
physical limitations of the lead shutter.

The flasks were transported to the Gray Cancer Instituteeaibunt Vernon

Hospital site, outside London, in the UK. The cells wererstdiusing a fluorescent



7.4. GAMMA-H2AX-BASED BIOLOGICAL DOSIMETRY FOR MRT 183

~v-H2AX antibody and analysed under fluorescent microscoglyd@a and images
presented in this subsection are from analysis performe®rbyKai Rothkamm.
Figure 7.8 shows the-H2AX staining in the fibroblast cultures post-MRT with en-
trance doses of 100 Gy (top images) and 50 Gy (bottom imags) . migration in

the cultures was observed during 2 h incubation.

(a) 30 min (b)2h

Figure 7.8: v-H2AX staining in human fibroblast cultures post-MRT. (a)lse
formalin-fixed 30 minutes post-MRT, (b) cells fixed 2 hrs pbHRT

Figure 7.9 is a plot of the broadbeam calibration curve ofilmaber ofy-H2AX
foci per cell versus entrance dose (Gy). The dose depositdukivalley region of
MRT-irradiated cells is shown in figure 7.10 as a percentdgheopeak dose. At a
distance of 80 - 10@:m from the peak, the mid-point of the valley region, the dose
is approximately 3% of the peak dose, in other words a biokldg?VVDR of approx-
imately 30. They-H2AX intensity profiles across MRT tracks in the cell cuésr
reflected the physical geometry of the beam (Figure 7.1thoagh the valleys were
narrower than was observed with film. It was also noted thatethvere only 2-3
times morey-H2AX foci for five times the dose, that is, the foci inductiadjacent
to MRT tracks was non-linear.

The use of bio-dosimetry in MRT could be a powerful way to difathe biolog-

ical dose and may lead to new insights into cellular respaomsghanisms post-MRT.
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Figure 7.9: Foci yield in broadbeam reference samples. durige served as a dose
calibration curve, analogous to the film calibration curive€hapter 4
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Figure 7.10: Dose deposited in MRT valleys as a percentageait dose. In the
mid-point of the valley region, the biological valley doseaipproximately 3% of the
biological peak dose
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—— YH2AX intensity
—— Film absorbance

200 pm
—A

Figure 7.11:v-H2AX intensity profiles vs radiochromic film. The two proBlevere
superimposed on one another for comparsion and they anmdycleay similar, al-
though they-H2AX valleys are narrower than the film valleys

We have also collected data for vivo bio-dosimetry by delivering MRT and low

dose broadbeam irradiations to mouse skin. The analysiesétdata is ongoing.

7.5 Quantitative assessment of microvascular effects in

MRT-irradiated tissue

The pioneers of deuteron microbeam therapy in the late $%@ 1960’s hypoth-
esised that blood vessels irradiated with microplanar Iseahradiation could be
repaired via migration of minimally-irradiated endotlagicells over distances com-
parable to the microbeam width. This was restate@laykin et al(1995 and others
with regard to synchrotron MRT. Furthddjlmanian et al.(2002 hypothesised that
this repair mechanism is faulty in tumours and the tumourhin@llapse because
of a lack of functioning vasculature. Our own MRT researcbugrhave performed
immunohistochemical staining on MRT-irradiated tumouwtisms (EMT-6.5) using

single and double stain markers for CD31 (a blood vessel enpakdy-H2AX (Fig-
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ure 7.12 and Figure 7.13).

Figure 7.12: CD31 and-H2AX double stain immunohistochemistry of MRT-
irradiated EMT-6 tumour. The entrance dose was 560 Gy antishige section was
from a mouse culled 4 h post-irradiatioA. Low power microscopy image showing
the microbeam tracks (stained brown) and vessels (stailued. B Higher power
microscopy image showing directly irradiated vessels.
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Figure 7.13: Lack of evidence for a microvascular effect iRMrradiated tumours.
CD31 single stain immunohistochemistry of MRT-irradiatachour. The entrance
dose was 560 Gy and the tissue section was from (A) contro{B)d mouse culled
84 h post-irradiation. Blood vessels are stained blue.

Prof. P. Rogers, Director, Centre for Women'’s Health Redgadvlonash Institute
of Medical Research & Mr. J. Crosbie, the candidate, exaththe sections 4, 24
and 84 hours post-MRT and observed no qualitative differerizetween irradiated
and unirradiated tumours. The microvasculature in theliated tumour sections
appeared as patent and functional as the microvasculattine unirradiated control

tumour sections. The staining did not appear to show anyavescular effects,



7.5. MICROVASCULAR EFFECTS IN MRT-IRRADIATED TISSUE 187

however, further quantitative study could be carried outoB vessel counting and
measurement of vessel surface area could be performed donpe, to search for
differences between irradiated and unirradiated tumours.

The immunohistochemistry data presented in this thesidgee strong evidence
that the underlying radiobiological mechanisms of MRT iumbur are dominated
by the cellular processes of migration, proliferation, Didfsair and apoptosis, rather

than a microvascular effect.






CHAPTER 8

Discussion & Conclusions

8.1 Summary and Discussion of Major Findings

The major findings of this thesis are;

1. Radiochromic films of different sensitivity, in conjuit with microdensito-

metry, allow experimental determination of the peak antbyaloses for MRT.

2. The X-rays produced on beamline BL28B2 at the SPring-8tayitron exhibit
a dose build-up effect in tissue-equivalent material; thgeds not maximal on

the surface, but builds up to a peak rapidly after depthsraf & microns.

3. Measurements of the half value layer with and without tivegsten/kapton
collimator in place showed the collimator did not apprebiaddter the beam

energy spectrum.

4. ~-H2AX is a high resolution cellular marker for MRT, identifiy the path
of the beam through tissue. Other immunohistochemical emaricluding
TUNEL, PCNA, CD45 and H & E did not delineate the path of therbea

through the tissue.

5. MRT has been shown to have a palliative effect on two typeseast tumours
inoculated in a mouse model. Significant tumour growth delag observed

with minimal normal tissue toxicity.

189
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CHAPTER 8. DISCUSSION & CONCLUSIONS

. Conventional RT at doses approximately equal to thewalbse in MRT, has

also shown a palliative effect but with increased normabistoxicity.

Normal skin tissue and EMT-6.5 tumour tissue respond tarM&y differ-
ently, with normal skin seemingly capable of mounting are&if/e repair re-

sponse to MRT damage, compared with a reduced capacity trtiaur.

EMT-6.5 tumour cells are highly migratory (compared tinskells) by 24

hours post-irradiation.

MRT causes a reduction in tumour cell proliferation. @elll communication

(the bystander effect) may explain this reduction in tunalt proliferation.

Persistneny-H2AX staining (unrepaired DNA) remains up to 84 hours post-
irradiation and apoptosis is elevated in tumours post-M&Tgared to normal

skin.

There does not appear to be a microvascular effect in ENMiFnours with
MRT. Irradiated blood vessels in tumours appear no diffietfesm unirradiated

blood vessels.

That normal skin and tumour behaves differently to MRT iypes the most im-

portant and novel result in the thesis and is an importantfireing for the field of

MRT. The vital biological processes of cell migration, DNépair, proliferation and

apoptosis occurred in normal skin and EMT6.5 tumour in a Widifferent manner,

as can be seen from the quantitative plots in figure 5 of Ch&ptdlormal skin ap-

peared to mount a competent repair response to the raddgimage, unlike tumour,

which appeared less capable of mounting an effective regpinthe irradiation.

The observations of these processes were made possiblelgingghey-H2AX

immunohistochemical assay to MRT-irradiated sectionsvals shown in Chapter 3

that the immunohistochemical assays of apoptosis (TUNIELKkocytic infiltration

(CD-45/LCA), proliferation (PCNA) and conventional H & Ecale didnot delineate

the path of the beams through the tissue.
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~v-H2AX allowed precise spatial localisation of peak-iraed cells The ‘wash-
ing machine effect’of minimally and maximally-irradiateztlls inter-mixing and
migrating 24 hours post-irradiation, is a novel and sigaiftcobservation in MRT.
Cell-cell communication (bystander effect) of toxic, s (proteins) from directly
irradiated tumour cells to minimally irradiated cells amjat, may explain the re-
duced proliferation observed in the tumour. The resultsqmged in this thesis are
the first detailed immunohistochemical study of biologipedcesses of normal and
tumourous tissue post-MRT.

MRT proposes not just one, but several paradigm shifts dtlivery of radia-
tion to treat tumours. Gone is the need to treat the whole tmrtwoa uniform dose
distribution, only a fraction of the tumour volume is maxiiparradiated. Gone is
the requirement for temporal fractionation, with hundreti&y of in-beam dose be-
ing delivered in a single fraction in a matter of seconds, raathal tissue displaying
an extraordinarily high tolerance to MRT. Gone is the regumient to deliver mega-
voltage (MV) energy beams. MRT would not be suitable for deegted tumours
in the pelvis, owing to its shallower depth dose charadtesiscompared with MV
beams, but it could be adapted to more superficial tumoutseiméad and neck or
chest region. Gone also is the requirement to uniformlymaené target volume with
a particular isodose, as is the norm in conventional radraghy. To people working
in the field of clinical radiotherapy, these observations @early paradigm shifts,
flying in the face of conventional wisdom. Neverthelessrehe now substantial ev-
idence that MRT causes tumour growth delay (and in some ¢asesur ablation)
and that normal tissue can tolerate doses of radiation tdersiof magnitude greater
than is delivered in conventional radiotherapy.

In Chapter 6, it was stated there was little evidence of aewascular effect in
MRT-irradiated tumours and the relevant data was shown apteln 7. Our qual-
itative, analysis of MRT-irradiated tumour sections usamgimmunohistochemical
marker of blood vessels (CD-31) did not indicate the presaia differential mi-

crovascular degeneration/repair effect. Further confiomavork is required, but our
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immunohistochemical tumour blood vessel data is an impbdantribution to MRT
radiobiology, casting doubt on a hypothesis which has liexvéor 50 years.

The work in Chapter 6 also showed that MRT had a palliativeatfbn two
types of breast tumour inoculated into the legs of mice, withimal normal tissue
toxicity. Conventional radiotherapy, whilst also paik&t, did cause increased and
severe normal tissue toxicity. The doses delivered in thwexmtional study were
selected on the basis that they were equal to the initiainaesti of the valley dose
in the cross-hatched MRT study, assuming a peak-to-valise datio of 50. The
justification was that, if MRT includes a broad beam dose asgb#he valley region,
could this valley dose alone be sufficient to obtain the @edniological effect? The
mice receiving 11 Gy did experience some growth delay, bttasanuch as those
that received 22 Gy. However, the 22 Gy mice experiencectasad normal tissue
toxicity. The 2 x 560 Gy MRT-irradiated mice, on the other iamay have had a
valley dose as high as 17 Gy, but their integrated dose, hetdatal dose averaged
over the area irradiated was much higher (approximately y0aSsuming perfect
attenuation by the collimators and ‘top hat'intensity desf) than the 17 Gy valley
dose. Although the median survival time in days for the 22 @wentional RT study
was comparable to the 2 x 560 Gy MRT study, the mice in the cuioweal group
experienced more severe normal tissue toxicity than the mithe MRT group.

The MRT and conventional RT survival studies are confirmatather than orig-
inal, sinceDilmanian et al(2003 published similar results using the EMT-6.5 breast
tumour model. However, the MRT response for the 67NR tumdiclwve describe,
has not previously been reported in the MRT literature. Oouge survival data from
this experiment are important in light of the immunohistectical data (migration,
proliferation, DNA repair and apoptosis). It is likely thenlg-term effects observed
weeks and months post-MRT are shaped by what occurs in thie post-treatment.

In our survival study, we also inoculated mice with a thirchtwr line, the highly
metastatic tumour, 4T1.2. These mice were transported iim¢@B, were irradiated

and monitored at the same time as the mice inoculated with-EMTand 67NR.



8.1. SUMMARY AND DISCUSSION OF MAJOR FINDINGS 193

However, MRT did not cause any tumour growth delay, with twisal of irradiated

mice no different to unirradiated (Figure 8.1)

Survival Functions - 4T1.2
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Figure 8.1: Kaplan-Meier survival curve for mice inocutht®ith the 4T1.2 tumour
line and irradiated with cross-planar MRT

We do not know exactly why 4T1.2 did not respond to MRT, howewe noted
that at the time of irradiation there were no palpable turapunlike EMT6 and
67NR, which were palpable in the mouse leg. In other words,4th1.2 tumour
may not have been established at the time of irradiation. gaoisons with earlier,
pilot studies of 4T1.2 tumour growth also showed discrejganahe growth of our
unirradiated 4T1.2 tumours was slower than tumour growtherpilot studies, when
they should have been very similém.vitro irradiations of the three tumour cell lines
also showed the response of 4T1.2 cells to ionising radiatias comparable to the
response of EMT-6 and 67NR.

One explanation for the slower growth of the 4T1.2 tumounsl (#eir failure to
respond to MRT) is technical (human) error at the time of ulaton. We suspect
the mice may have been inoculated with too few, viable 4T#&I& @nd this is why

the tumour growth was slow. The mice were eventually culleihg to the leg and
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tumour thickness exceeding 11 mm. Considering the diffesibve had locating a
palpable tumour, it is possible that the radiation missetla €ells and they migrated
from the radiation zone and re-established a tumour towéelsop of the mouse’s
leg.

A common feature in scientific publications is a bias towawdfy publishing
positive results. This is unfortunate since negative testdn also be very informa-
tive. The TUNEL, PCNA and CD-45 immunohistochemical datavahin Chapter
5 were negative results in a sense, because the assays didomothe path of the
microbeams through the tissue. However, a supposedly imegasult may be an
important finding for other workers in the field. The 4T1.2 mumsurvival data was
omitted from Chapter 6, not because MRT ‘didn’t work’on thisnour line, but be-
cause we felt that technical (human) error during the iretgoh of 4T1.2 was the
reason for the poor response of 4T1.2 to MRT. Ideally, theeerpent should be
repeated. The advent of the medical imaging and therapy Ibeaon the new Aus-
tralian Synchrotron will greatly facilitate MRT experimsron a variety of inoculated
tumours.

Naturally, one draws conclusions from the published litee®@ However, the
negative result with 4T1.2 makes one question the lack ofrapnfindings in the
MRT literature. It is conceivable that other experimenterghe field have also
achieved ‘less than perfect’ findings in their MRT experittsemwhich have not been
published.

To our knowledge, our MRT survival data is the first reporte@®Msurvival
study performed on a synchrotron other than the Nationati&ytron Light Source
(NSLS) at Brookhaven National Laboratory, New York, USA loe European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, FranceisTdxtends the evidence
of MRT’s robustness as an experimental procedure. The >aayce on the BL28B2
beamline at SPring-8 is a bending magnet, whereas the NSLE&RF sources are
wigglers. The X-rays produced on BL28B2 at SPring-8 are tvders of magnitude

lower in flux rate than is achievable at the ESRF. At SPringi@use a fixed geom-
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etry, tungsten/kapton microbeam collimator. The NSLS &aed2SRF use a variable
width, tungsten/gas collimator, to obtain similar outceme

Further work is required to compare MRT to conventional RTthiere a thresh-
old broadbeam dose whereby the dose gives adequate tumutsl@nd acceptable
normal tissue toxicity? One suspects that this was the vamyesquestion the pi-
oneers of clinical radiotherapy faced in the 1920's. Thelutson of course, was
temporal fractionation; split the total dose into smallailyldoses to permit normal
tissue repair. However temporal fractionation only pastived the problem, and in-
deed the problem still remains today but is being tacklediitexative manner, with
advances in 3-D conformal, intensity modulated and imagdegl radiotherapy and
experimental fractionation regimens.

One could speculate that with improved imaging and loctidisaof the tumour
before treatment (i.e. treatment planning), coupled veithgoral fractionation of the
dose, the tumour control and normal tissue toxicity with M&Tld be exceptionally
good, based on our own work and other published survivalyditetature. These
are the strategies required for progressing MRT from a i@ouriosity to clinical
applications.

What conclusions can be drawn about threshold peak ang da&es for optimal
MRT efficacy? Does it matter if we irradiate tumours with 5889 or 500 Gy peak
dose if the effect is the same on those cells in the direct pathe beam? Or, is
the valley dose the important factor for tumour control andmmal tissue toxicity?
Considering the extensive cell migration which can and adeesr, and the potential
for cell-cell communication, it is possible the preciselpaad valley doses are not
so critical. The valley dose is however, likely to matter farmal tissue toxicity. It
is likely a valley dose threshold exists for certain tissyges beyond which tissue
toxicity is unacceptably high. That dose is not known amdvo studies are required
to establish it for a particular collimator geometry and gipalar tissue type.

It was stated in Chapter 4 that the optimal geometrical cardigpn for MRT

was not yet known, which immediately identifies a number afifer experiments.
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A variable width collimator, such as those at the Nationai@®yotron Light Source
(NSLS) in the USA and the European Synchrotron Radiatiorlifa¢ESRF) in
France, is required for such experiments. The Japanesmatil at SPring-8 has
fixed geometry, and would not be suitable for this experim&he effect of increased
normal tissue tolerance to microplanar radiation, prediynbreaks down as the
beam width increases and is likely to be very tissue-typedéent.Dilmanian et al.
(2002 andRegnard et al(2008 showed worsening toxicity by decreasing the mi-
crobeam separation distance in brain tissue and convetgwards a broad beam.
These effects may be related to Hopewell’s ideas on volufieetsf described in sec-
tion 2.1.3. The various MRT design parameters and the lagkoivledge regarding
peak-to-valley dose ratios highlights the need for a moséesyatic study of biologi-
cal effects. The physical unknowns are combined with bicklginknowns, such as
the variety of tissues/animals studied, despite the stemidgnce that MRT tumour
control appears widespread, repeatable and highly signtfid’he study would ide-
ally need to be carried oirt vivo considering the tissue micro-environment available
to cells is differentin vitro. However, a mass-screening stytevitro experiment,
may be informative for futur@ vivo experiments.

Changing the geometry of the collimator requires an aceuradthod of dosime-
try to assess possible changes to the PVDR, which leads thexnmajor finding
reported in the thesis; the use of radiochromic films and ediensitometry to mea-
sure the peak and valley doses in MRT. The majority of MRT mlesiy to date has
been Monte Carlo simulation-based. The experimental, aneasent method out-
lined in Chapter 6 is simple and straight-forward, using #i-established medical
physics technique and commercial film products. It could felied to any colli-
mator configuration. A feature of film as a dosimeter is itdigbio measure the
contributions of dose scattering from all directions andlifferent depths. Align-
ment of film with respect to the beam is not a big concern eithkris gives film an

advantage over MOSFETSs, TLDs and ion chambers.
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A dose build-up effect was confirmed experimentally usingaaksof GafChro-
mic HD-810 films, each one 116m thick. The build-up effect was also predicted
using Monte Carlo simulations. The dose builds up over depthens of microns.
This finding is consistent with Continuous Slowing Down Agmximation (CSDA)
range calculations for charged particles (secondaryreles} The HVL measure-
ments performed with and without the collimator presentsdtthat the kapton did
not alter the energy spectrum in an appreciable way.

It was shown in Chapter 6 that the PVDR measured directlyeattfiimator face
was almost 400. At the level of the sample stage, the PVDR asssthan 100, the
decrease in PVDR possibly due to scatter from the collimeaasing a larger valley
dose. Further experimental work and Monte Carlo computeulsitions need to be
carried out. This would be of importance for future collimradesign and application.
The limitations and shortcomings of the published Montel@aimulations were

also discussed in Chapter 6 and this is a topic of future wakcribed in Chapter 7.

8.2 Concluding Remarks

The thesis presents the first, detailed and quantitativelinmmistochemical data on
MRT-irradiated tumours and normal tissue, and proposehamsms of the radio-
biology effect. It also describes a straight-forward metlwd measurement-based

dosimetry using radiochromic films.






Appendix

On Immunohistochemistry

Immunohistochemistry (IHC) is a very powerful tool to viisa the distribution
and localisation of specific cellular components within 8 ocetissue. Much use
was made of IHC in the research presented in this thesis (sept€rs 5 and 6) and
therefore a brief description and overview of the techniigusppropriate. The basic
principle of IHC techniques is that a specific antibody wihtbine with its specific
antigen to give an antibody-antigen complex tagged withsiblg label Boenisch
200)). For example, IHC has become a routine and extremely usedllin the
practice of surgical pathology. Pathologists rely on IHGagsist in the diagnoses
and classifications of malignant tissdHsi (2001).

Some additional definitions may be useful.
Antibody: The pivotal reagent common to all IHC techniques is the andijb Anti-
bodies belong to a group of proteins called immunoglobuligs the most common
being immunoglobulin G (IgG). The shape and structure of imaglobulin resem-
bles the letter Y (Figure 1).
Antigen: The classic definition of an antigen is any foreign substdhatelicits an
immune response, such as the production of a specific agtimatecule, when in-
troduced into the tissue of a susceptible animal and is ¢apgEbcombining with
specific antibodies formed. Antigens are generally of highetular weight and are

commonly proteins or polysaccharides, although many athe@ecules (polypep-
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tides, nucleic acids) can also function as antigens. Ansigeay be present in their
native cellular environment or extracted and purified. kithatural form, they may
be cytoplasmic, intracellular or extracellulad8denisch 2001). Examples of com-
monly used antigens in the field of IHC include Proliferati@gll Nuclear Antigen
(PCNA), and Ki67. These proteins are expressed by protifeyaells at particular

stages of their cell cycle.

Figure 1. Diagram showing the structure of an immunoglabuatiolecule. It com-
prises two identical heavy (H) chains and two identical tigh) chains. From
Boenisch(2001).

Polyclonal antibodies are produced by various types osaalld are immuno-
chemically dissimilar. Monoclonal antibodies, on the othand, are produced by
clones of cells and are immunochemically identical. Moooal antibodies (as op-
posed to polyclonal) are directed against a single sitée@aln epitope) on the anti-
gen molecule. Rabbits are most commonly used for raisingcfmial antibodies,
although donkeys, goats and sheep are also used. Mice azmlipmsed to raise
monoclonal antibodiesBpenisch 2001). Figure 2 shows a monoclonal antibody
clone reacting with a specific epitope on an antigen molecule

Indirect Immunohistochemistifjhere are numerous IHC staining methods which
can be used to localise antigens. The most common methodnafiimhistochemi-
cal staining is the so-called ABC method, or Avidin-Biotiot@plex methodKlayat
2002. At the Centre for Women’s Health Research, Monash Irtstinf Medical

Research, a two-step indirect method, similar to the ABChkt known as the
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& o
\)r/ Epitope

Antibody

Figure 2: A monoclonal antibody clone reacts with a specipitope on an antigen
from Boenisch(2001).

Labelled Streptavidin-Biotin (LSAB) indirect method of imunohistochemistry, is
commonly used. For this method, a primary antibody bind$éoantigen (Figure
3, Step 1). An enzyme-labelled secondary antibody, diceatginst the primary
antibody-antigen molecule is then applied, followed bygshbstrate, or chromogen.
The LSAB method requires the secondary antibody to be cothlbonded to a
protein known as biotin (Figure 3, Step 2). This biotinythteecondary antibody
can then be bound to enzyme-labelled streptavidin (Figur®t& 3). The aim is
ultimately to increase the staining intensity by incregsihe number of enzyme
molecules bound to the tissue. Streptavidin is a proteireoubé with a high affin-
ity for biotin. The binding sites between the biotinylatestendary antibodies and
streptavidin molecules produce this amplification, thaslieg to an increase in sig-
nal intensity.

Commonly used enzymes to label with streptavidin are hadsgh peroxidase
and alkaline phosphotase. The chromogen, (or substraiehugconverted by the
enzyme to a coloured precipitate, depends on the enzynié ifSer horseradish
peroxidase, commonly used chromogens are diaminobepz{®AB) which stains
brown and 3-amino 9-ethylcarbozole (AEC) which stains rédr alkaline phos-

phatase, AP-Blue and Vector Blue are often used.
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Figure 3: The three steps of the LSAB technique consist ofptitaary antibody
(step 1), biotinylated secondary antibody (step 2) and mezlabelled streptavidin
(step 3). FronBoenisch(2001)

Figure 4 is a camera image, obtained from the light microscopmouse brain,
immunostained for blood vessels using CD31. The image shawsss section of a
blood vessel with blue staining around the endothelial legktr and red blood cells

(erythrocytes) visible within the vessel itself.

Figure 4: CD31 immunohistochemical stain of a blood vessaldouse brain

For this immunohistochemistry protocol, the tissue samyds incubated with
the CD31 primary antibody (rat monoclonal anti-mouse) aftltb incubate for 1
hour at 37C. Tissue slides were then washed in buffered-saline aneredvin bi-

otinylated secondary antibody (goat anti-rat IgG). Slidese washed in saline again
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and sections were then covered with the alkaline phospha&sazyme, conjugated
(bound) with streptavidin. Slides were left at room tempaefor 15 minutes and
were then washed with saline. The sections were then coweitbdVector Blue
chromagen and left for 10 minutes before draining and washith distilled water.
Slides were covered with a mounting medium, and a glass sljvgiaced over the

tissue section, ready for microscopy.
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Abstract

This paper describes a method of film dosimetry used to measure the peak-to-
valley dose ratios for synchrotron microbeam radiation therapy (MRT). Two
types of radiochromic film (manufactured by International Specialty Products,
NIJ, USA) were irradiated in a phantom and also flush against a microbeam
collimator (beam width 25 um, centre-to-centre spacing 200 ;#m) on beamline
BL28 B2 at the SPring-8 synchrotron. Four experiments are reported: (1) the
HD-810 and EBT varieties of radiochromic film were used to record ‘peak’
dose and ‘valley’ (regions in between peaks) dose, respectively; (2) a stack
of HD-810 film sheets was microbeam-irradiated and analysed to investigate
a possible dose build-up effect; (3) a very high MRT dose was delivered to
HD-810 film to elicit a measurable valley dose to compare with the result
obtained using broad beam radiation; (4) the half value layer of the beam with
and without the microbeam collimator was measured to investigate the effect of
the collimator on the beam quality. The valley dose obtained for films placed
flush against the collimator was approximately 0.2% of the peak dose. Within
the water phantom, the valley dose had increased to between 0.7 and 1.8% of
the peak dose, depending on the depth in the phantom. We also demonstrated,
experimentally and by Monte Carlo simulation, that the dose is not maximal on
the surface and that there is a dose build-up effect. The microbeam collimator
did not make an appreciable difference to the beam quality. The values of the
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peak-to-valley ratio reported in this paper are higher than those predicted by
previously published Monte Carlo simulation papers.

1. Introduction

In 1995, scientists at the Brookhaven National Laboratory, USA, reported on a novel form of
radiation therapy (Slatkin et al 1995). This technique, known as microbeam radiation therapy,
or MRT, delivered microplanar arrays of synchrotron-generated x-rays to the cerebellum of
normal rats. The incident x-ray beam was segmented spatially by a collimator to create beam
widths less than 40 um and centre-to-centre spacings of 200 pm.

Synchrotron MRT has also been developed at the European Synchrotron Radiation Facility
in Grenoble, France. A publication in 2001 by Laissue er al reported the irradiation of the
cerebellum of weaning piglets at the ESRF (Laissue ef al 2001). Since 2005, a program
of research into synchrotron microbeam radiation therapy (MRT) has been carried out by
Japanese and Australian research groups at the SPring-8 synchrotron in Japan.

MRT has several peculiar and beguiling properties, which appear to challenge many of
the current paradigms in conventional radiation therapy; normal tissue appears exceptionally
resistant to hundreds of Grays of peak, in-beam MRT doses (Zhong et al 2003). In addition,
malignant tissue mass appears to respond to MRT by significant growth delay and, in some
cases, complete tumour ablation. This is despite the small fraction of the tumour mass
irradiated with the high dose microbeams (Laissue ef al 1998, Dilmanian et al 2002, 2003,
Miura et al 2006). The ratio between the dose in the peaks of the microbeams and the dose
in the valleys between the microbeams has strong biological significance (Laissue et al 1998,
2001, Dilmanian et al 2003, Zhong et al 2003, Siegbahn et al 2006).

The optimal geometrical configuration or the optimal peak-to-valley dose ratio for
successful MRT (maximal tumour control and minimal normal tissue toxicity) is not yet
known. Moreover, it is likely to vary depending on the tissue and cell types being irradiated.
A number of different MRT studies have shown that tumour types experience growth delay
when irradiated with peak doses ranging from 150 Gy to 884 Gy, with beam widths and
spacings ranging from 25 to 90 um wide beams and 50 to 300 um spacings, respectively. The
tumours have included 9L gliosarcoma (Laissue ef al 1998, Dilmanian et al 2002, Smilowitz
et al 2006), EMT-6.5 (Dilmanian et al 2003) and SCCVII (Miura et al 2006). In addition,
tumour growth delay has been reported for uni-directional, bi-directional and cross-planar
irradiations.

Synchrotron MRT poses several fundamental radiobiological challenges. It also poses
dosimetric challenges due to the very high dose gradients (hundreds of Gray) over short
distances (tens of wm). No current dosimeter can accurately measure simultaneously the dose
in the microbeam peaks and the dose in the valleys between the microbeams for the typical
MRT energy range (50-250 keV). Consequently, the majority of publications pertaining to
MRT dosimetry have relied on Monte Carlo simulations to model the radiation transport and
dose deposition in water (Slatkin et al 1992, Company and Allen 1998, Orion et al 2000,
Stepanek et al 2000, De Felici et al 2005, Siegbahn et al 2006).

The one dosimeter that is perhaps best suited to the task is also one of the oldest:
photographic film. The type of film used in this work is GafChromic radiochromic film,
manufactured by ISP Technologies, NJ, USA. This is a relatively new type of film dosimeter
that undergoes a dose proportional colour change upon exposure to x-radiation. Some of
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the more popular varieties of GafChromic radiochromic film for dosimetric purposes include
HD-810, MD-55 and more recently, EBT.

Radiochromic film dosimetry is an established technique in medical radiation physics.
There are several review articles describing the properties and applications of radiochromic
film dosimetry for clinical use (McLaughlin et al 1996, Niroomand-Rad et al 1998, Butson
et al 2003, Soares 2006). A Task Group report (TG55) by the American Association of
Physicists (AAPM) is perhaps the most comprehensive review of radiochromic film dosimetry
available (Niroomand-Rad et al 1998).

Used individually for MRT dosimetry, neither HD-810 nor EBT film is particularly
efficient at measuring peak dose and valley dose simultaneously. An accurate measure of dose
across this range is unrealistic using a single film.

In this paper, we test the hypothesis that it is possible to irradiate parallel sheets of
radiochromic films of different sensitivity and record the peak doses with the HD-810 film
(low sensitivity) and the valley doses with the EBT film (high sensitivity). We also test the
hypothesis that the dose is not maximal on the surface of a water phantom but builds up rapidly
to a peak, tens of um below the surface.

2. Materials and methods

2.1. Synchrotron x-ray beam

All irradiations were carried out on beamline BL28 B2 at the SPring-8 synchrotron, Hyogo,
Japan (SPring-8 2008). This beamline uses a bending magnet to produce polychromatic x-
rays from 8 GeV electrons with a circulating beam current of approximately 100 mA. The
synchrotron x-ray beam was filtered using a 3 mm thick copper filter to preferentially absorb
low energy x-rays and hence increase its mean energy. The resulting x-ray beam spectrum had
a mean energy of 125 keV (Ohno et al 2008). The energy spectrum of the filtered x-ray beam
from the bending magnet on BL28 B2 was simulated using the SPECTRA program (Tinaka
and Kitamura 2001) and is shown plotted on a log—log scale in figure 1(a).

2.2. Free-air ionization chamber beam monitor

The experimental dose from the incident beam was estimated by careful measurements of
the ion current, recorded by a free-air ionization chamber (OKEN S-1194, Tokyo, Japan) and
compensating for the beam cross section. The charge recorded by the ionization chamber was
converted to exposure through the following relationship (Greening 1985):

AQ 1

X = X
pxAxL 258x10*

Roentgens (L

where AQ is the charge collected in coulombs, p is the density of air at standard temperature
and pressure (kg m~?), A is the cross-sectional area of the beam (m?) and L is the length (m) of
the collecting volume in the ionization chamber. The relation 1R = 2.58 x 10~* C kg~ was
used (Johns and Cunningham 1983). No correction was made for ion recombination because
the ion chamber was operating in the flat portion of the efficiency saturation curve where the
chamber collection efficiency is taken to be unity. Corrections were required for ambient
temperature and pressure.

At this energy range, we assume that the air kerma is composed almost entirely of its
so-called collisional component, K., and is equivalent to dose in air (Khan 2003). The air
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Figure 1. The energy spectrum (a) of the polychromatic x-ray beam produced by the bending
magnet source for beamline BL28 B2 at SPring-8. The spectrum was estimated using the
SPECTRA computer program of Tanaka and Kitamura. A section of radiochromic film which has
been exposed to MRT is shown in (b) and a line profile is shown in (c). The 1 mm high beam
contains five microbeams, each one spaced 200 pm from its neighbour.
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kerma is calculated from the following relationship:

K = (K) X )
e

where W /e is the average energy required to produce an ion pair in dry air and has a value of
33.97 eV /ion pair (Khan 2003).

2.3. Microbeam collimator

A fixed geometry tungsten/kapton multislit collimator was used to segment the broad beam
into an array of planar microbeams. The incident x-ray beam is collimated by 175 um thick
planes of high-Z tungsten, spatially separated by 25 um thick sheets of low density kapton, a
type of plastic. The collimator design is described in greater detail by Ohno et al (2008). The
thickness of the tungsten/kapton collimator in the direction of the beam was approximately
10 mm. The nominal, collimated beam width was 25 um with a centre-to-centre spacing
of 200 um. The exposure time was adjusted by varying the opening and closing time of an
upstream shutter, which blocked the x-ray beam. The minimum opening time of the shutter
was 100 ms.

2.4. Radiochromic film dosimetry

Radiochromic film consists of monomer crystals in a gel bound to a Mylar substrate. The
monomer undergoes partial polymerization upon irradiation which leads to a colour change
from a light to a dark blue. The active component in GafChromic radiochromic dosimetry
films is a long chain fatty acid, similar to stearic acid and belonging to the diacetylene class of
molecules (ISP 2008). These films have different physical properties (thickness, composition,
sensitivity) and respond over different dose ranges. The thicknesses of the HD-810 and EBT
films are approximately 110 um and 290 pum, respectively.

The dose range for GafChromic HD-810 film is between 10 Gy and 400 Gy, and below
250 Gy, the response of the film is essentially linear with dose (ISP 2008). However, HD-810
can also be used at higher doses provided the results are interpreted with appropriate dose
calibration curves. The TGS55 report states that the nominal dose range of HD-810 is between
50 and 1000 Gy (Niroomand-Rad ez al 1998). ISP states that the EBT film is sensitive to doses
in the range 0.01-8 Gy (ISP 2007) whereas Soares states that the useful range of EBT is from
0.05 Gy to 8 Gy (Soares 2006). The sensitive material in radiochromic films is quite similar
to water in terms of mass energy absorption coefficients and electron mass stopping powers
(Niroomand-Rad et al 1998, Butson et al 2003).

Radiochromic film continues to ‘develop’ or polymerize for several hours post-exposure
before reaching chemical completion, and most practical radiochromic film analysis is done
the day after exposure. ISP recommends waiting at least 24 h post-irradiation before analysing
the HD-810 film and at least 6 h before analysing the EBT film. Post-exposure density growth
curves for both films are available (ISP 2007b, 2008). For other varieties of GafChromic film,
slight increases (up to 4%) in the absorbance of MD-55 have been reported after 24 h out to 2
weeks post-exposure, and there have been no appreciable changes in absorbance between 40
and 165 days post-exposure (Niroomand-Rad et al 1998).

The manufacturers state that the HD-810 film is energy independent for photons with
energies above about 200 keV (ISP 2008). Muench et al showed the response of GafChromic
HD-810 film decreased by approximately 30% when the effective photon energy decreased
from 1720 keV (4 MV x-rays) to 28 keV (60 kVp x-rays) (Muench et al 1991). Considering
that our mean photon energy is 125 keV, any energy dependence of the HD-810 film is
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sufficiently small to be ignored. The EBT film is essentially energy independent across all
therapeutic energy ranges (Rink et al 2007).

2.4.1. Microdensitometry.  After irradiation, the films were placed in aluminium foil (to
exclude light) for transport to and analysis in Australia. Broad beam- and microbeam-
irradiated films were scanned on a Joyce—Loebl microdensitometer (3CS Mark II, Joyce—Loebl,
Gateshead, UK). The spatial resolution of GafChromic HD-810 radiochromic film is extremely
high, better than 600 line pairs mm~! (Niroomand-Rad et al 1998). The microdensitometer
however is a more limiting factor for spatial resolution. We measured the microdensitometer’s
spatial resolution using a line-pair test pattern and recorded a modulation transfer function
(MTF) value of 81% for a spatial frequency of 20 line pairs mm~'. This corresponds to an
object width of 25 yum, the nominal width of the microbeams.

The microdensitometer outputs a voltage proportional to the optical density of the film,
which we verified using a step-wedge film. We also independently checked the response of the
HD-810 film using a hand-held densitometer (data not shown). Calibration curves of absorbed
voltage versus dose are shown in figure 2 for both HD-810 (a) and EBT (b) films. Three
scans were performed perpendicular to the microbeam direction across the centre and the two
edges of the microbeams. The readings were then averaged across the three profiles to obtain
a mean reading with associated uncertainty (two times the standard error of the mean). The
digitized voltage values from the MRT profiles were then converted to dose (in water) using
the broad beam voltage—dose calibration curves. A quadratic curve was fitted to the data,
a technique similar to that performed by commercial radiotherapy film dosimetry software
packages.

2.5. Experiment 1-—peak and valley dose measurements

The principal objective of the experiment was to measure the peak-to-valley dose ratio at the
collimator and as a function of depth in a tissue equivalent, solid water phantom, downstream
of the collimator. To this end, two parallel sheets of HD-810 and EBT radiochromic films
were placed at various depths in the phantom and irradiated with an in-beam entrance dose
of 160 Gy. The films were also positioned flush against the beam exit side of the collimator.
The HD-810 films were placed in front of the EBT films. The experimental setup for the solid
water phantom irradiations is shown schematically in figure 3. The films were positioned
between the solid water slabs at the surface and subsequently at 1 mm, 5 mm, 10 mm, 30 mm,
50 mm and 70 mm thicknesses.

A set of dose calibration films for the two film types were also acquired, in which known
broad beam doses of synchrotron radiation were delivered to the HD-810 and EBT films.
Calibration doses between 20 Gy and 320 Gy were delivered to the HD-810 film and doses
between 0.2 Gy and 6 Gy were delivered to the EBT film. The calibration films were placed
at a depth of 1 mm in the solid water stack. The air kerma, corrected for ambient temperature
and pressure, was converted to dose to water at 1 mm depth by multiplying the kerma by
the ratio of the mass energy absorption coefficients for water and air. A simple exponential
attenuation factor, to adjust the dose for a depth of 1 mm, was also applied.

It was necessary to attenuate the broad beam in order to accurately deliver calibration
doses of less than 1 Gy to the EBT film due to the limitations of the upstream lead shutter. The
flux rate was attenuated by placing high purity, metallic absorbers (11.5 mm Cu, 1 mm Fe,
7 mm Al) in the path of the beam. The effect of beam hardening on the EBT calibration
was considered negligible owing to the energy independence of the EBT film (Rink
et al 2007).



Film dosimetry for synchrotron microbeam radiation therapy 6867

400

y = 22.2197x7 + 47.904x — 52.2105 4
R? = 0.999695
350

300 ,/
250-—| L 2 HD-BlOI /

200 /
150
/

100

’ ./‘/
025 05 075 1 125 15 175 2 225 25 275 3 325 35 375 4

Voltage (V)
(a)

Dose (Gy)

y = 1.94207x? — 3.9086x + 1.45029%
R? = 0.998366

5 ] EBT! )l

Dose (Gy)
F -3

2 /

1 /
0 e
0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5
Voltage (V)

(b)

Figure 2. Typical voltage—dose calibration curves for the high dose, low sensitivity HD-810 film
(a) and the low dose, high sensitivity EBT film (b) subjected to broad beam radiation and analysis
based upon microdensitometer scans.

2.6. Experiment 2-—investigation of the dose build-up effect

Preliminary film dosimetry work hinted at a dose build-up effect for the MRT beam. That
is to say, the dose did not appear to be maximal on the surface. To further investigate this,
a stack of 30 strips of the HD-810 film, sandwiched together, was irradiated. This provided
measurements of the relative dose distribution at 110 um depth increments, instead of the
1000 um (1 mm) increments of the thinnest solid water slab. The percentage depth dose
curve of this polyenergetic x-ray beam was simulated using the GEANT4 Monte Carlo code
(Agostinelli et al 2003).



6868 J C Crosbie et al

Direction of X-ray beam

»
10 mm
Transport channel sits Fast Shutter 1 Free-alr ionisalion chamber
— } & =
H y
Front end L
Filter system Muiltislit collimator
| I |
4em 2m Sample stage
(@)
Solid Water Stack
X-rays

~ 11111 11

| EBT

I HD-810

(b)

Figure 3. (a) Schematic of apparatus on beamline BL28 B2 at SPring-8 for MRT film dosimetry;
(b) the stack of solid water slabs and sandwiched radiochromic films. Each solid water slab
measured 300 mm x 300 mm x 10 mm.

The stack was irradiated at four locations: at the level of the collimator, in front of the
ionization chamber, at the sample stage and a further position, 1.1 m downstream of the sample
stage. Films were scanned on the microdensitometer in a manner similar to that described in
experiment 1.

2.7. Experiment 3—accurate valley dose measurements

A single piece of HD-810 film was irradiated with a peak MRT dose of 3000 Gy, as measured
using the ionization chamber. A separate piece of HD-810 film was irradiated with broad
beam radiation across a range of dose values, chosen to be similar to the valley dose of the
MRT-irradiated film. The purpose of this experiment was to scale the valley dose up into
the HD-810 film’s sensitivity range. This acted as a ‘cross check’ of the EBT valley dose
data. These films were scanned on the microdensitometer and a calibration curve of dose
versus voltage (optical density) was generated from the broad beam films. This curve was
used to estimate the dose in the valley region of the very high dose MRT film, based upon a
microdensitometer scan of the valley region.

2.8. Experiment 4—measurement of beam quality

In order to determine whether the microbeam collimator changed the beam quality, we
measured the first three half value layers (HVL) for copper for (A) the beam transmitted through
the microbeam collimator, (B) no microbeam collimator present and (C) the microbeam
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collimator and ion chamber placed beside each other. The predicted HVLs were obtained by
the analysis of the predicted primary beam energy spectrum (SPECTRA).

3. Results

3.1. Experiment I—peak and valley dose measurements

A single broad beam, measuring 1 mm in the vertical plane, produced five horizontal
microbeams after collimation. Figure 1(b) is a scan of HD-810 radiochromic film exposed
to five such microbeams. An example of the one-dimensional dose profile is shown in
figure 1(c). This is a sample line profile across the film and is typical of the profiles obtained
on the microdensitometer. Note the low sensitivity of the film in the valley region despite
the in-air, entrance peak dose of 160 Gy. The peak regions of the HD-810 film showed an
obvious, measurable change in optical density but the valley regions did not, the HD-810 film
being insensitive to doses below 10 Gy (ISP 2008). The peak regions of the EBT film were
saturated yet the valley regions showed a measurable change in optical density.

The percentage depth dose curves for both peak and valley doses are plotted in
figure 4(a). The peak and valley doses were obtained from microdensitometry scans of the
HD-810 and EBT films respectively for each depth in the phantom. The plots are normalized
to the maximum peak dose, which was not maximal at the surface. There was a rapid build-up
effect with the maximum peak dose observed at a depth of 1 mm (limit of solid water slab
thickness). Typical exponential-like attenuation was observed beyond 1 mm. The variation
in valley dose is not readily apparent from figure 4(a), since the profiles are normalized to the
maximum peak dose. The valley dose increased slowly, to a maximum at a depth of 10 mm
in water, and then decreased slowly with depth. A similar variation in peak and valley doses,
computed by Monte Carlo simulations, was reported by Siegbahn et al (2006).

The variation in peak-to-valley dose ratio (PVDR) with depth in the solid water phantom
is shown in figure 4(b). This is a dimensionless quantity, and in these results, the uncertainty
in PVDR is expressed as a percentage of that ratio. The PVDR on the surface of the phantom
was 65 & 35%. It then increased to a maximum, mean PVDR of 144 4 29%, at a depth of
1 mm. The PVDRs then decreased with depth down to 10 mm and were then observed to
be rather stable: 67 & 27% at 10 mm, 76 £ 26% at 30 mm and 60 & 29% at 50 mm depth.
The mean PVDR at 70 mm depth was 85 = 18%. The peak-to-valley dose ratio for the films
placed flush against the collimator was 388 + 21%. The uncertainty in PVDR was calculated
by expressing the uncertainties in peak and valley doses as a percentage and summing them
in quadrature according to equation (3) below. The PVDR uncertainty is dominated by that
of the valley dose:

Sovor =/ Bpea)? + By 3)

Closer inspection of the percentage depth dose curve for the peak doses (as measured with the
HD-810 film) showed a distinct build-up effect. The dose was not maximal on the surface, but
rather at a depth of 1 mm in solid water, the thinnest slab. This is the dose ‘build-up’ effect;
dose depositing secondary electrons are set in motion when an x-ray photon beam bombards
a medium (Johns and Cunningham 1983, Khan 2003). This build-up effect explains the large
differences between the PVDR recorded on the surface and the PVDR recorded at a depth of
1 mm.

The Monte Carlo simulated depth dose curve also reproduces this build-up effect. The
measured and simulated depth dose curves are shown superimposed in figure 5(a). The
experimental film data were normalized to the maximum value at 1 mm depth. The Monte
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Figure 4. (a) Measured peak and valley doses at various depths in a water phantom, normalized
to the peak dose at 1 mm depth. The uncertainties (error bars) represent two times the standard
error of the mean across the left, centre and right sides of the film. Plot (b) shows the change in
the peak-to-valley dose ratio (PVDR) with depth. The data points were obtained by dividing the
mean peak dose by the mean valley dose. The uncertainties (error bars) represent the uncertainty
in peak dose plus the uncertainty in valley dose summed in quadrature.

Carlo simulated depth dose curve was performed using a 100 ;um step size and was normalized
to the peak dose. The simulation was performed in liquid water. At a depth of 100 wum, the
simulated depth dose curve was already 95% of its maximum dose. Figure 5(b) shows a Monte
Carlo depth dose simulation using 1 wm step sizes. This plot shows that the dose builds up
very rapidly, approaching its maximum value after only 20 um. There are fluctuations in the
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Figure 5. Percentage depth dose measurements compared against Monte Carlo simulations: (a)
coarse measurements every 5 mm in solid water, (b) Monte Carlo depth dose simulations using a
fine 1 wm step and (c) fine measurements every 110 um in a stack of HD-810 films.
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Figure 6. A visual comparison of the HD-810 film exposed to 47.8 Gy of broad beam radiation
(left-hand side) and the HD-810 film exposed to MRT with an in-beam peak dose of 3000 Gy (right-
hand side). The change in optical density (proportional to dose) elicited in the valley region of the

MRT-irradiated film is comparable to the change in optical density in the broad beam-irradiated
film.

(This figure is in colour only in the electronic version)

simulated data which make it difficult to quote a precise value of the depth of maximum dose
other than to say that the dose is not maximal on the surface but builds up rapidly after a
depth of some tens of um. At the depth of 10 mm, the agreement between experiment and
simulation is not as strong as at the other depths in figure 5(a). The experimental uncertainty
in the film data is the most likely explanation for the difference.

3.2. Experiment 2-—investigation of a dose build-up effect

Figure 5(c) shows the percentage depth dose curve in the 30-film stack of HD-810 films. These
films were irradiated at the level of the free-air ionization chamber, situated approximately
400 mm downstream of the collimator. The combined thickness of the sandwich was
3.3 mm (or 3300 um) since each film was approximately 110 pum thick. At all four irradiation
positions, the relative surface dose (first film in the sandwich) was significantly less than the
relative dose recorded from the second film, approximately 110 um deep in the sandwich.
The GEANT4 Monte Carlo simulated depth dose from figure 4(a) is included in figure 5(c)
for comparison. The film sandwich experiment confirmed that the dose was not maximal on
the surface.

There was quite a degree of experimental uncertainty (expressed as two times the standard
error of the mean) in the film data presented in figure 5(c). In addition, the experimental curve
was arbitrarily normalized to the second film at a depth of 110 um. The Monte Carlo simulation
of depth dose is the same curve from (a) albeit at a shallower depth, and the simulation was
carried out in liquid water and not film material.

3.3. Experiment 3—accurate measurement of valley doses

Figure 6 shows a colour comparison on the HD-810 film between a broad beam entrance dose
of 47.8 Gy and the valley region of the HD-810 film, irradiated with a peak, MRT dose of
3000 Gy. The optical density in the valley region was qualitatively comparable to that of the
broad beam. The dose in the valley region of the MRT-irradiated film was found to be 56 +
4 Gy, after scanning with the microdensitometer and converting to dose using the equation of
fit. An extrapolation was required from the equation of fit as the maximum broad beam dose
delivered was 47.8 Gy. The ‘colour change’, i.e. optical density (dose) in the valley region
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Table 1. Half value layer (HVL) measurements of x-ray beam transmitted through the microbeam
collimator (A), with the collimator removed (B) and with the ion chamber close to the collimator
(C). The predicted HVLs are also shown.

HVL A(@MmmCu) B(@mmCu) C(@mmCu) Predicted (mm Cu)

1 0.198 0.200 0.198 0.198
2 0.243 0.240 0.245 0.246
3 0.270 0.283 0.290 0.290

of the MRT-irradiated film, was greater than that in the broad beam film. The peak-to-valley
dose ratio from this experiment was 55 + 9%. This value is comparable to the lower end of
PVDRs obtained in experiment 1 (figure 4(b)). The uncertainty in PVDR was lower in this
experiment than in experiment 1, most likely a result of a stronger signal-to-noise ratio from
the HD-810 film scans using the ‘colour change’ method.

3.4. Beam quality measurements

The beam quality, as measured by successive half value layers, of both the beam transmitted
by the microbeam collimator and the broad beam was very similar and in good agreement
with the predictions from the SPECTRA program. The HVL measurements and predictions
are summarized in table 1.

We calculated the photon flux rate to be 1.96 x 10'> and 2.44 x 10'? ph s~! mm~2
with and without the microbeam collimator. The 10 mm of kapton attenuates the flux rate
by approximately 20%. The air kerma rate, as measured by the free-air ion chamber, for
the microbeam and broad beam conditions was approximately 85 Gy s~! and 105 Gy s/,
respectively.

4. Discussion

Our results demonstrate that it is possible to use radiochromic films of different sensitivities
to record the peak-to-valley dose ratio for synchrotron MRT and to track PVDR changes at
various depths in a water phantom. The peak-to-valley dose ratio obtained for films placed
flush against the collimator was almost 400. Combining the solid water phantom (experiment
1) and ‘colour change’ (experiment 3) data, a peak-to-valley dose ratio between 145 and 55
was recorded, depending on the depth in the phantom.

It has also been demonstrated, both experimentally and by computer simulation, that the
dose is not maximal on the surface but builds up rapidly with depth after distances of some
tens of um. Other authors have shown a build-up effect via Monte Carlo simulation (Siegbahn
et al 2006). Considering the dose builds up so rapidly with depth, over a distance of two or
three cell diameters, it may not have a significant implication for MRT studies in biological
tissue.

A distinct advantage to radiochromic film is its ease of use as a dosimeter. Other
MRT dosimetry techniques have reported difficulties. For example, the alignment and
stability concerns of MOSFET (metal oxide semiconductor field effect transistor) detectors
(Brauer-Krisch et al 2003) do not apply to film. The combination of radiochromic film and
microdensitometer provides sufficient spatial resolution for the measurements (section 2.4.1).
We emphasize that the results obtained here are of real measurements and not simulated
doses. It is important for MRT to have measurement-based dosimetry which can be used
to benchmark computer simulations. The results presented here were for a fixed-geometry,
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Figure 7. Schematic diagram of the tungsten/kapton collimator at SPring-8, illustrating the
potential for the collimator to produce secondary radiation (e.g. scattered photons and tungsten
characteristic radiation).

multi-slit collimator, but it should be possible to use the same technique on a variable width
collimator, such as the collimators used at the National Synchrotron Light Source in the USA
and at the ESRF in France.

The PVDR obtained for films placed flush against the collimator was significantly greater
than the PVDRs in the solid water phantom (figure 4(b)). The sample stage for the phantom
was approximately 1 m downstream of the collimator. The biggest difference between the
collimator films and the phantom films was the dose in the valley region. The valley dose was
observed to increase from approximately 0.2% of the peak dose at the level of the collimator,
to approximately 2% of the peak dose in the water phantom.

It is possible that there occurs angular, multiple scattering and reflection of the x-ray beam
from the tungsten/kapton borders into the valley regions, immediately beyond the collimator.
This is illustrated schematically in figure 7. Scattered photons and characteristic radiation
from tungsten may be generated inside the collimator as the incident x-ray beam is collimated
by 175 um thick planes of high-Z tungsten, spatially separated by 25 um thick sheets of low
density plastic. Our HVL data (table 1) obtained in the presence of and in the absence of the
microbeam collimator were very similar, indicating that the microbeam collimator is not in
fact producing significant amounts of secondary radiation. The microbeams from a collimator
are not perfectly precise; they possess ‘tails’ of valley dose, which may contribute dose to
adjacent microbeams.

The interaction of the incident x-rays with the tungsten/kapton collimator and the
propagation of the segmented microbeams through air, prior to reaching the target, require
more detailed modelling and measurement. A more realistic simulation, for example, would
be to model a 25 pm thick sheet of kapton, sandwiched between two tungsten plates, and also
to model a ‘detector’ of variable thickness and distance from the collimator face. The detector
material could be more accurately modelled as film using the relative elemental constituents
rather than simply liquid water.
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Table 2. The Monte Carlo simulated peak-to-valley dose ratios as reported by a selection of authors
for a 25 um wide beam with a 200 um wide centre-to-centre separation.

Author Code PVDR Depth (cm)
Slatkin et al (1992) CPE 35 0-1

15 7-8
Stepanek et al (2000) PSI-GEANT 29 (centre of field)  0-1

44 (field edge)
De Felici et al (2005) EGS4 29 (centre of field) 7-8

33 (field edge)
Brauer-Krisch et al (2005)  Penelope 53 0-1

in PMMA

Siegbahn et al (2006) Penelope 29 0-1

14 7-8

The ‘colour change’ experiment on the HD-810 film (figure 6) provides convincing
evidence that the dose in the valley region is between 1 and 2% of the peak dose, as observed
at the level of the sample stage. Most of the Monte Carlo simulated PVDRs (for microplanar
beams) published in the literature are lower than those reported in this paper. We obtained a
maximum PVDR of 144 £ 29% at 1 mm depth in water and a minimum PVDR of 60 % 29%
at 50 mm depth. The Monte Carlo papers of Siegbahn et al, De Felici et al, Stepanek et al
and Slatkin et al report PVDRs closer to 30. That is, a valley dose which is approximately
3% of the peak dose. In general, the literature on Monte Carlo simulations of MRT is rather
consistent; the different radiation transport codes produce PVDRs which agree with each other
reasonably well.

Table 2 lists the PVDRSs reported by a sample of authors in articles on MRT dosimetry,
which used Monte Carlo simulations. In the tabulated references, the quoted PVDR was for
25 um wide beams at 200 um centre-to-centre separations.

The Monte Carlo simulations do not fully simulate the synchrotron x-ray source or
downstream features such as slits. Perhaps the major shortcoming of the simulations is
that they do not actually simulate a collimator. Multiple, planar microbeams have been
simulated as individual microbeams, propagating through a phantom and then positioned at
200 um intervals. As a consequence, multiple, angular scattering events occurring inside
and immediately beyond the collimator (illustrated schematically in figure 7) have not been
adequately modelled.

In one publication (Siegbahn et al 2006), the x-ray source is assumed to originate on the
surface of the water phantom, neglecting the effect of scatter into the valley region within
the collimator, immediately post-collimator and pre-water phantom. Slight manufacturing
imperfections (on a um scale) in a real collimator will also affect the PVDR but would be
difficult to simulate.

There is a paucity of synchrotron MRT studies with the emphasis on experimentally
obtained data, an exception being MOSFET dosimetry for planar microbeams as described
by Brauer-Krisch et al. The authors reported a measured PVDR of approximately 60 using
MOSFET dosimetry averaged across different depths in a PMMA phantom (Brauer-Krisch
et al 2003). This value is closer to our experimentally derived PVDRs than the Monte Carlo
simulation data.

In general, film is not used for absolute dosimetry purposes in radiotherapy but rather for
relative dosimetry. An ionization chamber at different depths in water would be the preferred
dosimeter, but ultimately an alternative dosimeter may be required. While ionization chamber
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dosimetry can give an estimate of the dose in the peaks, there is no easy way to measure the
dose in the valley region. From a radiobiological standpoint, being able to quantify the peak
dose to within an accuracy of 3% may not be so critical when delivering hundreds of Gray of
radiation, since it is already a lethal dose to the irradiated cells. Accurate measurement of the
valley dose on the other hand is essential, as this may be the limiting biological factor in MRT
(Laissue et al 1998, 2001, Dilmanian et al 2003, Zhong et al 2003, Siegbahn et al 2006).
Trying to simultaneously measure the peak and valley doses, to obtain the PVDR, has
proven difficult, until now. The strength of our paper lies in a simple and straightforward way
to measure the PVDR for synchrotron MRT. A distinct advantage to the technique described
in this paper is that one can measure fine spatial variations in the dose distribution within a
bulk material. The MOSFET technique as well as in-air ion chambers typically only measure
entrance dose distributions at a point. Inside a material, a significant contribution from
scattered x-rays comes from all directions. Film is probably the only way to measure this.
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