Investigation of dosimetric effects of
radiopaque fiducial markers for use in
proton beam therapy with film
measurements and Monte Carlo
simulations
Zerrin Uludag
Thesis for Master of Science in Medical Radiation Physics

2014-04-10

Supervisors:
Anders Montelius and Shirin Enger

-2-

ACKNOWLEDGMENTS
I would like to express my sincere gratitude to Professor Anders Ahnesjö for helpful advice.

-3-

ABSTRACT
Purpose: To estimate the dose perturbation introduced by implanted radiopaque fiducial
markers in proton beam therapy (PBT) depending on the shape, orientation and localization of
the marker. The aim was also to make a comparative study between the cylindrical proton
gold marker (0.6 mm x 4.0 mm), used today in PBT, the photon marker (1.2 mm x 3.0 mm)
and the Gold Anchor marker (0.28 mm x 20.0mm), a new type of marker developed by
Naslund Medical AB for use in soft tissue.
Background: In radiation therapy (RT), fiducial markers are often used in order to facilitate
the tumour localization by using image guided radiation therapy (IGRT). However, the use of
x-ray opaque markers in PBT can introduce unacceptable underdosage behind the marker in
the target resulting in less effective tumour cell kill.
Materials and methods: Radiochromic film measurements and Monte Carlo (MC)
calculations based on the Geant4 general-purpose simulation toolkit were used in this work
for the estimation of the dose perturbation in presence of fiducial gold markers. The
experiments were performed at The Svedberg Laboratory (TSL) which offers proton beams
with a passive scattering technique. The fiducials were imbedded into Blue wax and the films
were stacked behind the wax between thin PMMA slabs. The experiments were carried out
for fiducial markers positioned at the center and near the distal end of the spread out Bragg
peak (SOBP). One of the experimental cases was simulated with MC (Geant4) where the dose
perturbation was calculated in presence of the proton marker, oriented perpendicularly to the
beam axis near the distal end of the SOBP.
Results: The radiochromic film measurements showed that all investigated markers reduced
the target dose in small volumes. Target underdosage was largest for markers oriented parallel
to the beam axis and localized at end of the SOBP. The proton marker, presently used at TSL,
showed an underdosage at mid-SOBP of 12±2% and 22±2% for perpendicular and parallel
orientations respectively. For the same position, the maximum dose shadows for the Gold
Anchor were 4±2% and 19±2%. For the proton marker oriented perpendicularly to the beam
axis near the end of the SOBP the maximum dose perturbation measured with film was
21±2% compared to 19±3% obtained with MC. The observed underdosage with both methods
agreed within their respective uncertainties.
Conclusion: The magnitude of the perturbation depends on the shape, thickness, orientation
and localization of the markers. The effect was most pronounced for markers oriented parallel
to the beam axis and increased with depth within the SOBP. As the perturbation increases
with the thickness of the marker, the Gold Anchor marker gives less dose perturbation and
may be used in future PBT.
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ABBREVIATIONS
ADC- Analog to Digital Converter
BERT – Bertini Cascade
BG – Bragg Gray
BIC – Binary Cascade
BIC_Ion – Binary Light Ion Cascade
CBCT – Cone Beam Computed Tomography
CHIPS – Chiral Invariant Phase Space
CPU – Central Processing Unit
CT – Computed Tomography
CTV – Clinical Target Volume
EBT- External Beam Therapy
FORTRAN – FORmulaTRANslation
FTFP – Fritop + Precompound
GEANT4 – Geometry And TRacking version 4
GTV – Gross Target Volume
IGRT – Image Guided Radiation Therapy
IMPT – Intensity Modulated Proton beam Therapy
ISP - International Specialty Products
LHEP - Low- High Energy Parameterized
MC – Monte Carlo
MCS – Multiple Coulomb Scattering
NIST – National Institute of Standards and Technology
n-type – negative charge type
OD – Optical Density
PBT – Proton Beam Therapy
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PRECO – PRECOmpound
p-type – positive charge type
p-Si – p-type Silicon
PTV – Planning Target Volume
QBBC - Quark Gluon String +Bertini + Binary Cascade
QGSP - Quark Gluon String + Precompound
RGB – Red Green Blue
RM – Range Modulation
RT – Radiation Therapy
SAD – Source to Axis Distance
SOBP – Spread Out Bragg Peak
SSD – Source to Skin Distance
TSL – The Svedberg Laboratory
tw – Water equivalent thickness
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1. INTRODUCTION
Every year nearly 13 million cases of cancer are diagnosed worldwide causing more than 7
million deaths [1]. The number of cancers is increasing but at the same time the survival rate
increases due to better treatment and earlier detection. Today, cancer patients
receive treatments with surgery, chemotherapy, radiation therapy and other forms of
therapy. Radiation therapy (RT) is one of the most important modalities for local treatment of
cancer and is given to about half of all cancer patients during the course of their treatment [2].
In Sweden about 25 000 patients receive RT every year and 99 % of them are treated with
photons and electrons, usually called conventional RT [3,4]. The aim of RT is to kill all
cancer cells with ionizing radiation while sparing healthy tissues. Proton beam therapy (PBT)
is a type of RT which has been in clinical use for almost 60 years but it is only during the last
decades that the number of proton beam facilities has increased markedly. Proton therapy in
Uppsala started already in 1957 at the Gustaf Werner Institute and continues at the present
The Svedberg Laboratory (TSL). The first dedicated proton beam centre in Scandinavia, the
Skandion Clinic, is opening 2015 in Uppsala. Today around 40 proton facilities are in
operation and a similar number are proposed or under development [4,5]. Proton therapy
gives in comparison with photons equal or better tumour coverage and minimizes the
irradiation of healthy tissues. The proton beam offers a biological effective dose which is
close to the conventional beams too [6]. The properties of the proton beams make them
attractive for radiation therapy but major drawbacks are the sensitivity to anatomical
inhomogeneities and motion during treatment.
The techniques for delivering external beam radiation to the target have improved
dramatically in the past decades. Today, the beam delivery to the target is more accurate,
mainly due to improvements in beam shaping and improvements in aligning the beam to the
target [7]. The accurate beam delivery is also facilitated by using opaque fiducial markers.
The markers, typically three or four, are placed inside or near the target and by using x-ray
imaging to position the patient, so called image guided radiation therapy (IGRT), the
uncertainties in target location can be minimized.
Fiducial markers are often made of high density materials such as gold in order to be clearly
visible with x-ray imaging. Depending on the treatment modality different markers are
used. These markers can, however, cause artefacts on tomographic images and perturb the
dose distributions of the therapy beams. Proton beams are much more sensitive to dose
perturbation than photon beams. Today, cylindrical gold markers are often used both in
photon and proton beam therapy. Newhauser et. al.,[7] reported that fiducial markers used in
proton beam therapy cause a dose reduction which depends on the size, shape, density and
position of the markers.
At the proton facility at TSL in Uppsala, titanium markers are used for intracranial treatments
and small cylindrical gold markers are used for prostate treatments. A new type of marker, the
Gold Anchor, has been developed by Naslund Medical AB for use in soft tissues. This type of
marker is supposed to give less image artefacts and less dosimetric effects. The purpose of
this study was to analyse the impact of the fiducial markers on the dose distribution in proton
beams. Three markers, the Gold Anchor marker, the proton gold marker used at TSL and a
gold marker used in photon beams were investigated. The dosimetric impact of the markers
was investigated experimentally with Gafchromic EBT3 film measurements by positioning
each marker at two different depths in the spread out Bragg peak (SOBP) region of the depth
dose curve.
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The experiments were performed at TSL which offers proton beams with a passive scattering
technique. A Monte Carlo (MC) simulation with the Geant4 general-purpose simulation
toolkit [8], version 9.05, was also performed for the investigation of the dose perturbation in
presence of a proton marker

1.1 Proton interactions with matter
When protons travel through matter they lose energy and they slow down. The energy loss is
mainly due to the Coulomb (electromagnetic) interactions between the protons and the orbital
electrons of the matter which is also the main dose contributor. There are also small dose
contributions from nuclear reactions [9], which also produce neutrons as a secondary
radiation. The probability of nuclear reactions in PBT is around 1% per g cm-2 for a tissueequivalent material and has threshold energy of around 20 MeV [15].
The rate of the energy loss per unit path length is known as stopping power. Hence, the mass
stopping power is the rate of energy loss per unit path length divided by the density ρ of the
matter. The mass stopping power for protons e.g. in water has its maximum at some hundred
keV and is then decreased with increased energy. Thus, at the near end of the proton range,
the energy of the protons decrease dramatically and the dose deposition increases. This means
that maximum dose is deposited immediately before the maximum range resulting in a
pronounced peak [10]. The peak is referred as the Bragg peak and the depth of the peak
depends on the initial kinetic energy of the protons, and the matter composition [9].
When protons travel through matter, they undergo Coulomb interactions with the nuclei of the
atom where the protons are deflected at very small angles [10]. The effect of a stack of proton
deflections is known as Multiple Coulomb Scattering (MCS). The amount of MCS depends
on the energy of the protons and the scattering material. For protons, the angular distribution
from MCS is almost Gaussian in shape [9].
A proton beam coming from an accelerator is a narrow, nearly monoenergetic and
monodirectional pencil beam. In order to cover an extended target laterally either passive
scattering or active pencil beam scanning techniques are used. To cover the tumour extension
in depth, the beam energy is modulated resulting in a spread out Bragg peak (SOBP, see
Figure 1). Passive scattering and active pencil beam scanning techniques are discussed in
more detail in section 1.2.2.

Figure 1: Proton depth dose curve in water where the modulated 180 MeV monoenergetic beam gives rise to the SOBP by
adding the pristine peaks, discussed in section 1.2.2. The green curve illustrates a 6 MV photon beam for comparison.
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1.2 Proton Therapy
1.2.1 History
In 1929, Ernest O Lawrence invented the cyclotron which at that time could accelerate the
nuclear particles to a high velocity without using high voltage. This was the predecessor to the
cyclotron used today. In 1946, Robert R Wilson, a student of Ernest O Lawrence, published a
paper where he proposed medical treatment with cyclotron generated high energy proton
beams [11]. Eight years later the first patient was treated at Berkeley Radiation Laboratory in
California. In 1957, patients were treated successfully in Uppsala, Sweden at the Gustav
Werner Institute (today The Svedberg Laboratory) [12].
Today, protons are accelerated to high energies by using cyclotrons or synchrotrons. For
medical use, it is important that the accelerators are able to deliver high enough beam
intensities and energies to treat all locations in the human body. This is achieved by using
either passive scattering techniques or pencil beam scanning techniques [13,14].

1.2.2 Beam Delivery
Proton beams for RT can be delivered with two different techniques; passive scattering and
active scanning. Passive scattering is to date the standard technique where scattering foils are
used to laterally spread out the narrow beam from the accelerator to cover the target. The
primary scattering foil with high atomic number broadens the proton beam into a Gaussian
profile. To obtain a flat profile a secondary Gaussian shaped foil is used.
The monoenergetic beam is modulated by using a range modulator (RM) wheel or a ridge
filter often mounted on a wobbling plate [9]. The RM wheel consists of a number of steps
with specified thickness where each step corresponds to a specific pristine peak in the SOBP.
The thickness of each step is adapted to the width of the pristine peak and the steps in the
“stair case” of the RM-wheel which have angular widths are calculated to give a
homogeneous depth dose over the SOBP [9]. There are a number of RM-wheels, each
corresponding to an SOBP extension. At TSL, there are ten different RM wheels in use giving
SOBPs ranging from 18 to 83 mm. Range compensators (bolus) are used to adapt the range of
the beam to the shape of the target volume as illustrated in Fig 2.

Figure 2: The dual foil technique provides lateral target coverage and the RM wheel enables target coverage in depth. The
range can be adapted with range compensators in order to conform the dose to the target volume.

- 11 -

Proton therapy can also be delivered with pencil beam scanning techniques where the narrow
pencil beam coming from the accelerator is scanned laterally by magnetic deflection [15], as it
is illustrated in Figure 3. The modulation in depth is achieved by varying the energy of the
pencil beam. Dose to the target is then delivered by scanning the Bragg peak of certain energy
over the target. When the proton beam with the certain energy is delivered to the target, the
beam energy is changed and the next layer is scanned. Layer after layer is scanned until the
whole target volume is irradiated to the desired dose level. Active scanning has a number of
advantages over the passive scattering techniques. One of the advantages is the possibility to
use intensity modulated proton beam therapy (IMPT). IMPT can deliver dose with different
scanning methods such as spot scanning and continuous scanning [15]. In spot scanning the
dose is delivered in discrete spots while the pencil beam does not move and no dose is
delivered during change in beam position. In continuous scanning (or raster scanning) the
dose is delivered continuously during scanning, which requires the dose rate to be
synchronised with the scanning speed.

Figure 3: Active pencil beam scanning enables lateral target coverage by deflection with magnets. The modulation in depth
is achieved by varying the energy of the pencil beam.

The major advantages of the beam scanning technique compared to passive scattering are
better dose conformity, no beam specific modifiers and larger field sizes [15]. Furthermore,
the production of neutrons is decreased in comparison with the use of passive scattering
technique.

Figure 4: Active scanning enables a target dose coverage which can be tailored
both at the distal and proximal end of the target.

One of the disadvantages with active scanning is the sensitivity to patient and organ
movements [15]. Active scanning is an advanced method which requires a complex control
system.
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1.2.3 Dose perturbations due to inhomogeneities
Dose perturbations in PBT due to heterogeneities in the beam path are more critical for
protons than photons. Inhomogeneities caused by differences in density and chemical
composition e.g. between bone and tissue alter the penetration depth and the lateral scattering
[15]. Fiducial markers introduce inhomogeneities that may cause dose perturbation. These
perturbations may lead to cold and hot spots and can also affect the range of the beam. The
influence of inhomogeneities will be discussed for three cases, illustrated in Figure 5.

Figure 5: Three simplified cases where a) the uniform slab intersects the full beam, b) the uniform slab partially intersects
the beam and c) a small complex inhomogeneity (gold marker) intersects the beam. (Adapted from [15])

As discussed in section 1.1 protons lose energy mainly through Coulomb interactions with
orbital electrons and are deflected very little in each interaction with the nuclei of the atom.
Fig 5, case a) illustrates a uniform slab which intersects the full proton beam. In this case, the
energy fluence is virtually unchanged just after the inhomogeneity [15]. The beam range will,
however, increase or decrease depending on the density of the slab.
In case b), where the slab partially intersects the beam, the beam penetration is altered in the
shadow of the inhomogeneity. At the lateral boundary of the inhomogeneity, the differences
in the density of the materials will result in differences in MCS of protons. Consequently, the
differences in MCS will result in dose perturbation i.e. a cold spot on the high density side
and a hot spot at the low density side [15]. If the complex inhomogeneity is localized near the
end of the beam range the cold/and hot spot will be more pronounced due to the relatively low
energy of the beam [16].
Case c) illustrates a gold marker which intersects with the beam. As in case b), the differences
in the MCS will result in cold and hot spots. The dose perturbation depends on size, density,
shape, orientation and localization of the marker. Newhauser et al., [16] showed that tantalum
markers used in treatment of uveal melanoma in PBT reduced the target dose by 22-82%.
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1.3 Radiopaque fiducial markers for IGRT and PBT
Image guided radiation therapy (IGRT) allows accurate localization of the tumour by imaging
the patient’s anatomy during or immediately prior to treatment. This means that the irradiated
margins around the tumour can be reduced, which gives fewer complications.
Three different target definitions are generally used in treatment planning; gross tumour
volume (GTV), clinical target volume (CTV) and planning target volume (PTV) [17]. The
GTV is the tumour volume which can be seen, palpated or imaged and the CTV is the volume
including the GTV plus margins for possible sub-clinical disease. The PTV margin around the
CTV is taking into account all possible geometrical variations and inaccuries in order to
ensure that the prescribed dose is delivered to the CTV [17].
The information about the target localization obtained during or immediately prior to the
course of the treatment can be used to correct for example the patient set-up errors. Patient
set-up error is an interfraction uncertainty which occurs from fraction to fraction. On other
hand, intrafraction uncertainty occurs during the irradiation of the target. This uncertainty is
mainly due to internal organ movements such as patient breathing, heart beat or other internal
movements [18]. IGRT is mainly applied to manage geometric set-up, but can in principle
also be used to compensate for intrafraction uncertainties if imaging can be performed during
treatment. In brief, IGRT enables a reduction of PTV margins and thus reduces dose to
healthy surrounding organs without compromising the dose to the target [19].
In RT, the imaging can be performed with cone beam computed tomography (CBCT), kV- or
MV x-ray imaging systems. The images taken at the time of treatment are compared with
reference images created at treatment planning. The position is determined by aligning soft
tissue structures, bony anatomy, fiducial markers or other landmarks [20]. Factors such as
image quality, anatomical changes, and organ deformations determine how the alignment
should be performed [20]. Radiopaque fiducial markers can be used as external surrogates to
reproduce and increase the positioning accuracy of the target structures during RT [21]. These
fiducial markers are placed inside or adjacent to the target volume.
Criteria for the markers are as follows [21,22];
-

Visibility in the treatment planning and daily control images

-

Causing few image artefacts

-

Low dose perturbation

-

No migration during treatment

Fiducial radiopaque markers are not perturbing the dose in photon beams as much as in proton
beams, where high atomic numbers in the fiducial marker can give unacceptable dose
perturbations. The shape and size of the marker is also crucial. The choice of fiducial marker
depends on radiation type, the tumour location in the body and the chosen imaging system for
IGRT etc.
For intracranial treatments titanium markers can be used and small cylindrical gold markers
are often chosen for prostate treatments. Another choice is the new Gold Anchor marker
developed by Naslund Medical AB for use in soft tissues.
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The Gold Anchor marker can be folded in different ways depending on the tissue
composition, the technique for the implantation and other factors. Figure 6 shows two
examples of Gold Anchor used for IGRT in treatment of prostate cancer.

Figure 6: Examples on gold anchor markers in tissue, folded differently.

1.4 Film Dosimetry
In this work, dose perturbations from small fiducial markers were investigated with selfdeveloping radiochromic films, Gafchromic EBT3 films, from International Special Products
(ISP). The evaluation process was conducted with a flatbed scanner.
Film dosimetry offers an excellent two dimensional spatial dose resolution which enables
detection of steep gradients in the dose distribution [23] e.g. in proton beam therapy. Each
film has a thickness of 0.275 mm and by stacking a number of films it is possible to achieve
good resolution also in three dimensions.

1.4.1 Radiochromic EBT film
Radiochromic films, based on poly-diacetylene have weak energy dependence in a broad
energy range and are near tissue equivalent. In contrast to radiographic films, they are
relatively insensitive to visible light and can be prepared under normal room light [24].
The radiochromic film, Gafchromic EBT film, is a relatively new film (released in 2004)
which is an important tool in RT (e.g in dose verification) [25]. The film is optically
transparent and gives a blue colour at exposure of radiation.. In addition, the film prevents
also the formation of the Newton’s Rings interference patterns in images [25] and has an
excellent uniformity [26].
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1.4.2 Film readout with flatbed scanner
Flatbed scanners have been used for a long time for radiochromic film readout. The flatbed
scanner is a multichannel scanner i.e. the films can be scanned in red-green-blue (RGB)
format. Moreover, an exposed Gafchromic EBT3 film has a strong absorbance in the red
spectrum which makes the flatbed scanner useful tool [25].
Flatbed scanners such as EPSON Expression 1680 Pro allows scanning in transmission mode,
i.e a uniform light source illuminates the film on one side and an imaging system is measuring
the light transmission from many points on the sample simultaneously [27]. To achieve more
accurate results it is important to scan all films in the same position and orientation [26].

1.5 Semiconductor dosimetry
The basic dose characterization of the proton beam was done using semiconductor dosimetry
(Scanditronix p-Si diode). For depth dose and dose profile measurements semiconductors are
of interest due to the good spatial resolution, high sensitivity and instant readout [23]. A
semiconductor diode uses a p-n junction in the semiconductor material. The material is doped
differently on either side of the junction which provides a voltage over the junction and
radiation produced charges can be collected and measured [28]. This enables measurements
without external bias voltage. One type of semiconductor diode is the Scanditronix p-Si
dosimeter which is a p-n junction diode, used in the experiments, discussed in section 2.3.

1.6 Geant4
1.6.1 Overview
Geant4 is a flexible, object oriented MC toolkit written in C++ [29,30]. The toolkit consists of
17 major class categories as shown in Figure 7. In order to simulate in Geant4, the users has
to implement her/his own Geant4 application by defining her/his own classes. There are three
mandatory classes where the user describes the experimental set-up, the radiation field with
its particles, and the physical models or processes in order to configure the simulation [29].
Additional optional classes such as event action, run action and tracking action can be added
to the simulation. Figure 8 illustrates an overview of Geant4 simulation.
Geant4 provides geometry description and navigation, tracking and interaction of particles
through matter with a choice of physical interaction models, visualization and user interfaces
[8]. The geometry package in Geant4 provides the ability to describe a geometrical structure
and propagate particles through it. Geometry modelling is based on a mother–daughter
concept. Volumes are created by describing their shapes and physical characteristics and are
placed inside their mother volumes in a hierarchical manner. As such, the larger volume, the
mother volume, contains with some margin all other daughter volumes in the detector
geometry. The coordinate system used to specify where the daughter volume is placed is the
coordinate system of the mother volume. At the top of the hierarchy is the World Volume,
outside of which no particle is tracked. Geant4 uses the concept of Logical Volume to describe
the geometrical properties and physical characteristics associated to a geometry element such
as its shape (solid), material, radiation detection behavior and whether a specific
electromagnetic field is to be associated with it. Physical Volume is used to manage the spatial
positioning of the Logical Volume. Different techniques can be used to place a Physical
Volume. The user has the choice to place a Physical Volume once in its mother volume, or
through parameterized placements position the same Logical Volume many times, resulting in
- 16 -

large savings in memory. Once the geometry has been built the simulation tracks each particle
through the geometry. Geometrical tasks such as determining the next traversed volume and
obtaining distance to this volume are handled by ‘Navigator’ classes. Geant4 includes several
different navigators, some appropriate for any volume arrangement; others designed
specifically for optimal performance in simple voxel geometries [31].Parallel Geometries are
also available in Geant4, allowing the user to define additional geometrical hierarchies that
overlay the standard World Volume which contains mass [8,32]. While these parallel worlds
have no mass (and thus do not affect the fundamental physics processes), they are still seen by
all navigators. Boundaries seen in this parallel geometry can be used to control other aspects
of the simulation such as geometrical event biasing or scoring.

Figure 7: Geant4 class categories. (Adapted from [33] )
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Figure 8: An overview of Geant4 simulation where the green boxes represent the mandatory classes. (Adapted from [34])

1.6.2 Physics lists in Geant4
Geant4 provides reference physics lists for the simulation of electromagnetic and hadronic
interactions. There are different physic lists which can be used depending on the case. Each
physic list is applying models for different energy ranges. The string model is commonly used
for energies between 5 and 25 GeV. For lower energies, intranuclear cascade models or
precompound models are used [35]. An overview at some provided hadron models can be
seen in table 1.

Table 1: Some physics lists provided from Geant4. (Adapted from [36] )

Models
LHEP
(Low- High Energy Parameterized)
PRECO
(Precompound)
BERT
(Bertini Cascade)
BIC
(Binary Cascade)
BIC_Ion
(BinaryLightIon Cascade)
QGSP
(Quark Gluon String + PRECO)
FTFP
(Fritiof + PRECO)
CHIPS
(Chiral Invariant Phase Space)

Energy range
0-100 TeV

Particles
All hadrons

0-100 MeV

Protons and neutrons

0-15 GeV
0-5 GeV

Protons,neutrons,pions,
kaons,hyperons
Protons,neutrons,pions

0-5 GeV/u

Ions

10-105GeV

Protons,neutrons,pions
and kaons
Protons,neutrons,pions,
kaons and hyperons
All hadrons

3-105GeV
0-100 TeV
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A detailed description of the physics models can be read in the Geant4 reference manual [37].
A brief description of the relevant physics lists is given below, quoted from [35].
QGSP – “QGSP is the basic physics list applying the quark gluon string model for high
energy interactions of protons, neutrons, pions, and Kaons and nuclei. The high energy
interaction creates an exited nucleus, which is passed to the precompound model modelling
the nuclear de-excitation.”
QGSP_BERT – “Like QGSP, but using Geant4 Bertini cascade for primary protons,
neutrons, pions and Kaons below ~10GeV. In comparison to experimental data we find
improved agreement to data compared to QGSP which uses the low energy parameterised
(LEP) model for all particles at these energies. The Bertini model produces more secondary
neutrons and protons than the LEP model, yielding a better agreement to experimental data.”
QGSP_BIC - “Like QGSP, but using Geant4 Binary cascade for primary protons and
neutrons with energies below ~10GeV, thus replacing the use of the LEP model for protons
and neutrons In comparison to the LEP model, Binary cascade better describes production of
secondary particles produced in interactions of protons and neutrons with nuclei.”
Ivantchenko et. al. [36] reports that the Binary cascade model shows better result for low
energy protons and neutrons and the Bertini cascade model is better for the remaining particle
types. Therefore a new physics list, QBBC, has been created which includes combinations of
BIC, BIC-ION, BERT, CHIPS, QGSP and FTFP models. In comparison, QBBC has higher
precision for many hadron-ion and ion-ion interactions in a wide energy range.
QBBC uses the same inelastic cross-sections as QGSP_BERT for almost all hadrons and the
final state depends on the energy of the particle. The BIC model, followed by Precompound
and de-excitation, is used below 1.5 GeV, BERT is used from 1-5 GeV, FTFP is used from 4
25 GeV and QGSP is used above 12.5 GeV [38].
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2. MATERIALS AND METHODS
The magnitude of the dose perturbation in PBT in presence of fiducial gold markers was
investigated depending on the markers shape, implantation depth and orientation. The
investigation was carried out through an experimental study and an MC simulation. The MC
calculation was performed for one of the experimental situations where the proton marker,
oriented perpendicularly to the beam axis, was positioned near the distal end of the SOBP.
The examination included also an adjustment of the Geant4 dose distributions and
comparisons with the experimental dose measurements. Moreover, the initial beam spread in
water was also investigated by varying the initial Gaussian beam size and angular width,
discussed in section 2.3 and 2.4.
All data were obtained in form of ASCII files which were analysed in MatLab R2011b.

2.1 Description of TSL beam line
The experiments were performed with a therapy beam using passive beam scattering
technique at The Svedberg Laboratory (TSL) in Uppsala. The facility is using the Gustaf
Werner cyclotron, which produces proton beams with energy of 180 MeV. The proton beam,
after passing through a vacuum window, scattering foils and air degraded is to 172 MeV.
The beam irradiation system at TSL consists of a primary lead foil, secondary Gaussian
shaped gold foil, an aluminium foil supporting the gold foil, a range modulator, transmission
ion chambers and collimators which can be seen in Figure 9.

Figure 9: The TSL beam path consisting of the scattering system, range modulator, transmission ion chambers (TC) and
collimators.
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2.2 Description of MC model
Calculations were carried out using the Geant4 Monte Carlo code, release version 9.05. The
code was run on a MAC computer (Apple Inc) at the Uppsala University Hospital.

2.2.1 Geometry Definition
The simulation of the experimental setup defined in Geant4 had the following geometrical
properties:
-

Primary lead foil with a thickness of 10.25 cm2/g

-

Secondary Gaussian shaped gold foil with a maximum thickness of 0.55 cm2/g

-

An aluminium foil supporting the gold foil with a thickness of 0.053 cm2/g

-

Circular brass collimator with apertures of 40 mm or 70 mm

-

Voxelized water/PMMA phantom (150x150x230 mm3), using the parallel world
concept and nested parameterization, where the dose deposition was scored in the
voxels

TSL beam path components such as transmission ionization chamber and other collimators
with little effect on the beam path were not defined in the MC application.
The shape of the secondary gold foil was determined with calculated data from Fig 10 [39].

Figure 10: The curve which was used to obtain the thickness of each layer for the secondary Gaussian shaped gold foil.
(Image taken from [39] )

Figure 11: Secondary gold foil and the supporting aluminium foil in Geant4. The red tracks show typical proton paths.
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2.2.2 Generation of primary events
The unmodulated, nearly monoenergetic Gaussian shaped proton beam had a beam radius of
0.625 mm at three standard deviations and an angular beam width of 0.001 radians at FWHM
with energy of 178.3±0.2 MeV. The SOBP was created by adding eight beams with different
energies and weights providing a 48 mm deep SOBP.

2.2.3 Cut off range
The physics list QBBC was used for all simulations. For the simulations, the parameter
production cut was used. Geant4 offers the user to define the production cuts in terms of range
which is thereby converted into cut off energy. The cut off range should be defined to 1/3 of
the voxel size [40]. In the simulations, cut off ranges for protons, electrons and positrons were
determined depending on the investigated case. Since, the main dose deposition is due to the
protons, electrons and positrons, secondary particles such as gammas and neutrons had a cut
off range of 1000 mm in all simulations, which means that they were neglected in the
calculation.

2.3 Adjustment of the Geant4 parameters and comparison with
experimental measurements
The MC calculations were benchmarked with experiments in the proton beam made with
semiconductor detectors. This gives more accurate results as MC beam parameters can be
adjusted to the measured depth dose distributions. The MC range of the monoenergetic proton
beam was adjusted to the experimental curve by changing the initial energy of MC. The
adjustment was performed for the nearly monoenergetic uncollimated proton beam.
Thereafter, a comparison between the obtained dose distributions from the diode
measurement and the simulations were performed. The Scanditronix p-Si diode was used
which has a spatial resolution of 0.05 mm along the beam axis and 2 mm laterally.
Following comparisons were performed;
1. Comparison of the uncollimated, nearly monoenergetic proton beam depth dose curve
in water
2. Comparison of the uncollimated lateral dose profiles for unmodulated proton beam at
100 mm and 160 mm depth in water
3. Comparison of range modulated SOBP depth dose distribution in water
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Figure 12 illustrates the MC beam line (a simulation of the experimental setup).

Figure 12: Illustration of the MC setup with a SSD of 230 cm. The water phantom used in the simulation had a voxel size of
5.0x5.0x2.0 mm3 and the cut off range was 0.5 mm. 3 million protons were tracked with a step size of 0.01 mm for the
unmodulated depth dose and dose profile comparisons and 50 million protons were tracked with a step size of 0.1 mm for the
SOBP verification.

2.4 The impact of the initial beam size and initial angular beam spread
In order to obtain a uniformly distributed dose, the proton pencil beam is spread laterally with
the passive scattering technique and extended in depth with the RM wheel. The shape of the
beam, entering the water phantom is also depending on the initial beam size and initial
angular beam spread.
The impact of initial beam size and initial angular beam spread was investigated in water for
the nearly monoenergetic 180 MeV beam. The radial and angular Gaussian parameters for the
initial beam were varied for the investigation in order to find the best fit with experiment, see
table 2. The initial beam spread in water could be estimated by examining the penumbras of
the dose profiles at 100 mm and 160 mm in water using a collimator with a diameter of 40
mm positioned 50 mm from the surface of the water phantom.

Figure 13: MC set-up for the monoenergetic lateral dose measurement in water. The water phantom had a voxel size of
2.0x2.0x5.0 mm3 and the cut off range was 0.5 mm. The brass collimator used at the experiments with a diameter of 40 mm,
50 mm away from the surface of the water tank.
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Table 2 shows the beam parameters for the investigation of the initial beam spread in water.
The radial beam parameter corresponds to radius of the Gaussian beam with 3σ (standard
deviations) and the angular beam parameter corresponds to the radius of the angular width of
the Gaussian beam at FWHM. Note that when the initial beam angular width was varied, the
radial beam parameters were fixed and vice versa.

Table 2: The radial and angular Gaussian beam parameters used in the MC simulation are shown in the table. In order to
draw a conclusion about the initial spread in water was a collimator with an aperture of 4 cm used. For each simulation, 100
million protons were tracked with a step size of 0.1 mm.

Radial beam
parameters

Angular beam
parameters

1st Simulation

0.625 mm

0 rad

nd

0.625 mm

0.001 rad

rd

3 Simulation

0.625 mm

0.01 rad

4th Simulation

0.25 mm

0.001 rad

5th Simulation

1.5 mm

0.001 rad

2.5 mm

0.001 rad

2 Simulation

th

6 Simulation

2.5 EBT3 film measurements
Dose perturbation in presence of fiducial markers in PBT was investigated with EBT3 film
measurements. The scanner used to evaluate the films (Epson Expression 1680 Pro) offers a
maximum resolution of 3200 dpi (dots per inch) which is extremely high. For the film readout
process, a resolution of 150 dpi was used and the films were scanned in red channel mode (16
bit pixel depth) due to better response in the dose range used in the experiments.
The film experiments were performed in a multi-slab PMMA phantom where the markers
were imbedded into a layer of Blue Wax (Freeman Manufacturing and Supply Company)
which is mainly composed of polyethylene ((-C2H4-)n-). The markers had to be placed in a
nearly water equivalent material without air cavities and therefore Blue Wax was chosen as
the markers could be placed in the desired orientation when the wax was heated to liquid
phase. The surfaces of the solid wax slab were machined to fit into the PMMA phantom.
The beam was collimated to a circular diameter of 70 mm and the collimator was placed
directly in front of the phantom. The range modulation width was 48 mm and the range of the
beam in water was 197 mm to the distal 90% dose level as measured with the diode.
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2.5.1 Fiducial Markers used in this work
Three different gold markers were investigated in this work. Their dimensions are shown in
Table 3.
Table 3: Dimensions of the investigated radiopaque fiducial markers.

Fiducial marker
Gold Anchor
Proton marker
Photon marker

Length (mm)
20.0
4.0
3.0

Diameter (mm)
0.28
0.6
1.2

The Gold Anchor marker differed from the other gold markers, which consists of pure gold,
by having a material composition of 99.5 % pure gold and 0.5 % iron and also by being
flexible in the tissue. The marker has ten 2 mm long sections and the idea is that the curly
marker will be “anchored” in the tissue and therefore keep its position.
The impact on the dose distribution from the Gold Anchor marker was examined for two
shapes. In the first case, the marker was folded as a zigzag with an angle of 90° between the
sections. In the second case, the Gold Anchor was curled into an irregular “ball”.

Figure 14: X-ray image of how the zigzag Gold anchor marker was oriented in the work.

2.5.2 Position of fiducial markers in SOBP
The dose perturbations were investigated for markers positioned at the middle and at the end
of SOBP (see Figures 15, 16 and 17). The markers were oriented parallel and perpendicular to
the direction of the incoming beam.
The radiological thickness of the materials used was expressed in terms of water-equivalent
thickness (tw) so that the markers could be positioned at the desired positions in the depth
dose distribution. From the obtained SOBP curve in water from section 3.3.1, the
corresponding tw of PMMA used in the experiments could be calculated with equation (1) [7],
̅̅̅̅ ̅̅̅̅

(1)

where tm is the thickness of the material, ρm and ρw is the density of the material and water,
̅̅̅̅
̅̅̅̅ are the corresponding mean proton mass stopping powers. In this work an average
relative value of tw=1.16 for the PMMA thickness [41] and tw =1.00 for blue wax was used
[42].
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Table 4: Position of the downstream edge of the markers and associated reading errors at mid- and near the end of SOBP in
terms of water-equivalent thickness.

Marker

Mid-position of the SOBP

Near end position of the
SOBP

Proton marker
Zigzag Gold Anchor
Curled Gold Anchor
Photon marker

162.5±0.3 mm
161.6±0.3 mm
-

186.4±0.3 mm
186.5±0.3 mm
186.5±0.3 mm
185.8±0.3 mm

-

The figures below illustrate different positions and orientations of the markers at the middle
and near the end of the SOBP.

Figure 15: The proton marker (0.6 mm x 4.0 mm) positioned at the middle of SOBP parallel to beam axis.

Figure 16: The proton marker (0.6 mm x 4.0 mm) positioned near the end of SOBP parallel to beam axis.
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Figure 17: The zigzag Gold Anchor marker (0.28 mm x 20.0 mm) positioned at the middle of SOBP perpendicular to beam
axis.

2.5.3 Film Calibration
A calibration was performed to convert the measured optical density of the EBT3 films to
absorbed dose. To obtain the calibration curve the films were irradiated with doses of 1, 2, 3
and 4 Gy, which covered the dose range used in the experiments. The absorbed dose was
determined with a calibrated ionization chamber according to IAEA TRS 398 [43].
The distance from the primary scattering foil to the film was 2300 mm. The films were placed
behind 99 mm PMMA and 67 mm blue wax, which corresponds to approximately tw =182
mm. A 10 mm thick PMMA slab was placed behind the film to achieve full backscattering.
The exposed films were stored in a black envelope even though that the films were relatively
insensitive to visible light. This was done in order to minimize the effect of uncertainties. The
self-processing films were read out with the flatbed scanner 24 hours after the exposure.
During the course of scanning, the film orientation was taken into account and the films were
placed at the middle of the flatbed scanner. A correction for the background was done by
subtracting readings from an unexposed film. The film reading and optical density-to-dose
conversion was done with the software OmniPro I’mrt (IBA Dosimetry). The density-dose
relationship was fitted by using third-order polynomials and the goodness of the fit could be
determined by observing the residuals i.e the differences between the fit and the measured
values.

2.5.4 EBT3 measurements of the perturbed dose distribution
The dosimetric effects of the fiducial markers were investigated by using a phantom
comprised of PMMA slabs, Blue wax with the imbedded markers and a series of EBT3 films
stacked between thin PMMA slabs.
When the markers were positioned at the middle of SOBP16 films were stacked between
PMMA slabs with an average thickness of 2 mm in order to cover a water equivalent depth
range of >38 mm. For the markers positioned near the end of the SOBP, 10 films were
stacked between PMMA slabs with an average thickness of 1 mm covering a water equivalent
depth range of >12 mm. As for the mid-SOBP position the markers were positioned parallel
and perpendicular to the incoming proton beam. Due to the varying thickness of the Blue wax
slabs and the limited number of PMMA slabs, the positioning of the markers at SOBP was
somewhat shifted from marker to marker.
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The experimental setup is shown in Figure 18 and 19.

Figure 18: The phantom used in the experiments composed of PMMA slabs, Blue wax and EBT3 films.

Figure 19: Schematic diagram (not to scale) showing the phantom with a series of EBT3 films stacked on the end of the
downstream edge of the fiducial markers
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The percentage perturbations introduced in presence of markers were determined by
examination of the relative dose profiles obtained from the measurements. Fig 20 illustrates
how the calculation of the dose reduction (%ΔDmean) was performed. The mean value of the
red region (the perturbed region) was divided by the mean value of the two black regions
(unperturbed regions). Also the maximum dose reduction (%ΔDmax) in the corresponding dose
profile was calculated relative to the mean value of the two black regions.

Figure 20: Relative dose profile illustrates the examination of the dose
reduction in presence of a marker.

2.6 Geant4 estimation of the dose perturbation
The dose perturbation was calculated with Geant4 for one of the experimental situations
where the cylindrical proton marker was located near the end of the SOBP and oriented
perpendicular to the beam axis. The dose calculation was done in a PMMA phantom where
each voxel was 0.5x0.5x1.0 mm3.

Figure 21: An illustration of the position of the proton marker in the voxelized PMMA phantom in the application. Note that
in the experimental setup, the marker was placed in Blue wax.
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For the calculation, 15 independent runs were performed in order to minimize the run time
and also in order to estimate the statistical uncertainty, see section 3.7.1. Each run was
consisting of 20 million primary protons. The cut off range was 0.15 mm and the step size
was 0.01 mm.

Figure22: The experimental set up in Geant4. The red tracks are travelling protons and the green tracks are gamma rays
which in high probability were emitted during nuclear reactions.

The maximum percentage dose perturbation was determined by investigation of the MC
calculated relative doses.

2.7 Uncertainty analysis
2.7.1 Uncertainty in Monte Carlo calculations
There are two methods to calculate the statistical uncertainties (type A) in MC. The first
method is the batch method and the second one is the history-history method which requires
data on dose per particle. In this work, the batch method was used due to limited data on each
particle. The statistical uncertainty was calculated with equation (3),
̅

√

̅

∑

(3)

where n is the number of runs, di is the scored dose in a preselected undisturbed voxel in
SOBP in run i, and ̅ is the mean value of the absorbed dose over the preselected voxels in all
runs. As discussed in the previous section, 15 runs were simulated. Monte Carlo enables the
user to estimate the statistical uncertainty.

2.7.2 Uncertainty analysis in EBT3 film measurements
An estimation of the type A uncertainty for the EBT3 film measurement was calculated using
eq(4),
̅

√

̅

∑

(4)

where N is the number of films , Di is the absorbed dose in the preselected pixel in film i, and
̅ is the mean value of all Di. The statistical fluctuation was determined by using 4 films,
used in the film measurements near the end of SOBP. Di was corresponding to an undisturbed
pixel in the central part of each film. All films were handled in the same way and were
localized almost in same position at SOBP.
All type B uncertainties which couldn’t be estimated were neglected in this work. The
uncertainty introduced due to the calibration was also neglected due to very small
uncertainties.
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3. RESULTS
3.1 Adjustment of the Geant4 parameters and comparison with
experimental measurements
Figures 23, 24 and 25 show the experimental dose distributions compared with Geant4
simulations described in section 3.3. In Fig 23 the calculated and measured depth dose
distributions are shown. An initial energy of 178.3±0.2 MeV in the MC simulation gave good
agreement with experiment.

Figure 23: Unmodulated (nearly monoenergetic) proton depth dose curve (red curve) measured with semiconductor
dosimetry and simulated Geant4 curve (blue curve) versus depth in water. The initial energy of the Geant4 beam was
determined to 178.3 ±0.2 MeV. Obtained data are normalized to the area under the curve.

In Fig 24 the calculated and measured lateral dose distributions are shown at depths of 100
mm and 160 mm in the water phantom. As can be seen in the figure there are some
differences between the dose profiles especially at the edges. This is mainly explained with
the differences between the experimental beam line and the simplified MC beam line.
However, this is of less concern in the film measurements where the markers are located at
the central part of the irradiation region with homogenous dose.

Figure 24: Dose profiles of the measured and simulated unmodulated and uncollimated proton beam at a) 100 mm and b)
160 mm versus the lateral distance in water. Obtained data are normalized to a region corresponding ± 25 mm in the lateral
distance.
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Fig 25 shows the measured and the MC calculated SOBP curve. Here is also a good
agreement between the two curves where the modulation width is 48 mm.

Figure 25: The diode measured modulated beam (red curve) and the weighted Geant4 beam (blue curve) versus depth in the
water. Obtained data are normalized to the area under the curve.

3.2 The impact of the initial beam size and initial angular beam spread
The impact of the initial beam size and initial angular beam spread was investigated in water.
The dose profiles at 100 mm and 160 mm were calculated with a brass collimator with an
aperture of 40 mm for varying initial beam radius and angular width, see Fig 26 and 27. A
comparison between the calculated penumbras and the experiment showed that the impact of
initial beam size and initial angular spread has no effect on the resulting dose profiles in
water. See also Discussion, section 4.

Figure 26: Dose profile at a depth of 100 mm obtained with Geant4 simulations and diode measurement. The investigation
was carried out through varying beam radius r and the radius of the angular beam width. The black fit represents the
experimental measurement. Obtained data were normalized to the area under the curve.
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Figure 27: Dose profile at a depth of 160 mm obtained with Geant4 simulations and diode measurement for the investigation
of the initial spread in water. The dose profiles correspond to different beam radius r and the radius of the angular beam
width. The black fit represents the experimental fit. Obtained data were normalized to the area under the curve.

3.2 EBT3 film measurements
3.3.1 Film Calibration
Fig 28 shows the optical density-to-dose calibration curve in terms of ADC values and the
associated residual plot. As can be seen in the residual plot, the percentage deviations are
really small and the uncertainty introduced due to the calibration can be neglected.

Figure 28: Calibration curve obtained for beam doses 1, 2, 3 and 4 Gy where a 3 rd orders polynomial fit generates the
calibration curve. The percentage deviation between the fitted curve and measured ADC value can be seen in the right graph.
The calibration curve was corrected for background.
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3.3.2 Perturbed dose distributions
Dose distributions were measured with films downstream of the fiducial markers. The figures
below show the dose distributions and the dose profiles at mid-SOBP and near the end of the
SOBP for each marker. All represented dose profiles were normalized to 100% in the regions
not perturbed by the markers in order to facilitate the estimation of the dose perturbation (see
Fig 20). The statistical uncertainty was calculated to ±2%.
Markers localized at mid-SOBP
The perturbation in presence of the proton marker (0.6 mm x 4.0 mm) positioned
perpendicular and parallel at mid-SOBP is shown in Figures 29 and 30. The maximum dose
perturbation was found for the parallel oriented marker which caused an underdosage of
22±2%. The maximal dose perturbation in presence of the perpendicular oriented proton
marker was estimated to 11±2%.

Figure 29: Dose perturbation downstream of the proton marker at depth tw=162.5±0.3 mm where the marker is oriented
perpendicular (a and b) and parallel (c) to the beam axis at mid-SOBP. The dose is normalized to an unperturbed region.

Figure 30: Lateral dose profiles at the maximum dose perturbation in Figure 29. The maximum dose perturbation occurred in
case a) and b) at 8.1±0.4mm and in case c) at 2.0±0.4 mm away from the downstream edge of the proton marker.
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In Figure 31 and 32 the perturbation is shown in presence of the zigzag Gold Anchor marker
(0.28 mm x 20.0 mm) positioned perpendicular and parallel at mid-SOBP. The maximum
dose perturbation was found for the parallel oriented marker which caused an underdosage of
19±2%. The maximum dose perturbation in presence of the perpendicular oriented proton
marker was estimated to 4±2% which was the lowest dose perturbation measured in this work.

Figure 31: Dose perturbation downstream of the zigzag Gold Anchor marker at depth t w=161.6±0.3 mm with the marker
oriented perpendicular (a and b) and parallel (c) to the beam axis at mid-SOBP. The dose is normalized to an unperturbed
region.

Figure 32: Lateral dose profiles at the maximum dose perturbation in Figure 31. The maximum dose perturbation occurred in
case a) and b) at 10.7±0.4mm and in case c) at 3.8±0.4 mm away from the downstream edge of the Gold Anchor marker.

- 35 -

Table 5 summarizes the maximum dose perturbation for the different markers at mid-SOBP
and the distance (zs) between the downstream edge of the marker and the maximal dose
perturbation in terms of water-equivalent thickness.

Table 5: Summary of the maximum dose perturbation for each marker at mid-SOBP and the distance (zs) along the depth
between the downstream edge of the marker and the maximal dose perturbation in terms of water-equivalent thickness with
the associated reading errors. The downstream edge of the proton marker was positioned at tw =162.5± 0.3mm SOBP and the
zigzag Gold Anchor marker was positioned at tw =161.6±0.3mm SOBP.

Marker

Orientation

%ΔDmean

%ΔDmax

zs

Perpendicular

4±2 %

4±2 %

10.7±0.4mm

Parallel

-

19±2 %

3.8±0.4mm

Perpendicular

11±2 %

12±2 %

8.1±0.4mm

22±2%

2.0±0.4mm

Zigzag
Gold Anchor

Proton
Parallel
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Markers localized near the end of the SOBP
The maximum dose perturbation for markers localized near the end of the SOBP was
estimated in a 10 mm region (water-equivalent) downstream of the marker.
In Fig 32 and 33 the perturbation is shown in presence of the proton marker (0.6 mm x 4.0
mm) positioned perpendicular and parallel near the end of SOBP. The maximal dose
perturbation was found for the parallel oriented marker which caused an underdosage of
49±2%. The maximal dose perturbation in presence of the perpendicular oriented proton
marker was estimated to 21±2%.

Figure 33: Dose perturbation downstream of the proton marker at depth tw=186.4±0.3 mm with the marker oriented
perpendicular (a and b) and parallel (c) to the beam axis near the end of the SOBP. The dose is normalized to an unperturbed
region.

Figure 34: Lateral dose profiles at the maximum dose perturbation in Figure 33. The maximum dose perturbation occurred in
case a) and b) at 8.9±0.5 mm away from the downstream edge of proton marker and in case c) exactly behind the
downstream edge of the proton marker.
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Figures 35 and 36 show the dose perturbation in presence of the zigzag shaped Gold anchor
marker (0.28 mm x 20.0 mm) near the end of SOBP. The marker oriented parallel to the beam
axis caused a dose perturbation of 25±2%. In the perpendicular oriented case the perturbation
was estimated to 6±2% with a maximum perturbation of 9±2%. As can be seen in Fig 35 a),
there is a small problem in the alignment which may be due to small angulation of the
phantom, discussed more in detail in section 4.

Figure 35: Dose perturbation downstream of the zigzag Gold Anchor marker at depth t w=186.5±0.3 mm with the marker
oriented perpendicular (a and b) and parallel (c) to the beam axis near the end of the SOBP. The dose is normalized to an
unperturbed region.

Figure 36: Lateral dose profiles at the maximum dose perturbation in Figure 35. The maximum dose perturbation occurred in
case a) and b) at 8.9±0.5 mm away from the downstream edge of the marker and in case c) exactly behind the downstream
edge of the marker.
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In Fig 37 the depth dose distributions are shown in presence of the curled Gold Anchor
marker near the end of the SOBP. The dose profiles for the dose perturbation, about 6 mm
away from the marker are shown in Fig 38 which caused an underdosage of 11±2%. The
maximum dose perturbation occurred at about 9 mm downstream from the distal edge of the
marker causing a dose reduction of 21±2%.

Figure 37: Dose perturbation downstream of the curled Gold Anchor marker at depth t w=186.5±0.3 mm in two orthogonal
sections. The dose is normalized to an unperturbed region.

Figure 38: Lateral dose profiles at the dose perturbation at a depth of 192.5 mm. The dose perturbation occurred 6.0±0.4 mm
away from the downstream edge of the curled Gold Anchor marker.
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In Fig 39 the dose perturbation is shown in presence of the photon marker (1.2 x 3.0 mm) near
the end of the SOBP. The photon marker which was the thickest marker caused as expected
large dose reductions. The maximum dose perturbation is shown in Fig 40. The parallel
oriented marker reduced the dose up to 85±2% while the perpendicular oriented photon
marker resulted in an underdosage of almost 60%

Figure 39: Dose perturbation downstream of the photon marker at depth t w=185.8±0.3 mm with the marker oriented
perpendicular (a and b) and parallel (c) to the beam axis near the end of the SOBP. The dose is normalized to an unperturbed
region.

Figure 40: Lateral dose profiles at the maximum dose perturbation in Figure 39. The maximum dose perturbation occurred in
case a) and b) at 8.6±0.5 mm away from the downstream edge of the marker and in case c) exactly behind the downstream
edge of the photon marker.
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Table 6 summarizes the maximum dose perturbation for the different markers near the end of
the SOBP and the distance (zs) between the downstream edge of the marker and the maximal
dose perturbation in terms of water-equivalent thickness.

Table 6: Summary of the maximum dose perturbation for each marker near the end of the SOBP and the distance (zs) along
the depth between the downstream edge of the marker and the maximal dose perturbation in terms of water-equivalent
thickness with the associated reading errors.

Marker

Orientation

%ΔDmean

%ΔDmax

zs

Perpendicular

21±2%

22±2%

8.8 ± 0.5 mm

Parallel

-

49±2%

0 mm

Perpendicular

6±2 %

9±2 %

8.9 ± 0.5mm

Parallel

-

25±2 %

0 mm

Curled

-

21±2%

8.9 ± 0.5mm

Perpendicular

58±2 %

59±2 %

8.6 ± 0.5mm

Parallel

-

85±2 %

0 mm

Proton

Zigzag
Gold Anchor

Curled
Gold Anchor

Photon
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3.3 Geant4 estimation of the disturbed dose distribution
The dose distrubution in presence of the proton marker near the end of the SOBP was
calculated with Geant4 simulations. The dose distrubutions are shown in Figure 41 and the
maximum dose perturbation can be seen in Figure 42. The simulations were performed by
using a PMMA phantom with a voxel size of 0.5x0.5x1.0 mm3 where the dose was scored in
the middle of each voxel. This means that one voxel, along the depth, corresponds to 1.16 mm
water. The voxel size was chosen to get reasonable statistics. The spatial resolution was
therefore much cruder than in the experiment. The statistical fluctuation was estimated to
±3%.

Figure 41: Dose perturbation calculated with Geant4 downstream of the proton marker at depth tw=186.4±0.3 mm with the
marker oriented perpendicular (a and b) to the beam axis near the end of the SOBP. The dose is normalized to an
unperturbed.

Figure 42: Lateral dose profiles at maximum dose perturbation calculated with Geant 4 for the proton marker positioned near
the end of the SOBP. The dose perturbation was determined to 19±3 % and 24±3%, respectively. The maximum dose
perturbation occurred at around 9.3 mm downstream of the marker.
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3.4 Comparison of experimental data with MC-calculations
Direct comparisons between film measurements and MC simulations are presented in Figures
43, 44 and in Table 6. Figure 43 shows the calculated unperturbed depth dose distribution
together with the calculated and measured perturbed dose distributions from the proton
marker. A marked reduction in proton range can be seen (cf Fig 39 and 41). The agreement
between calculation and experiment is relatively good. Figure 44 shows calculated and
experimental dose profiles at three different depths. Also here the agreement is good. Table 6
summarises the calculated and measured maximum dose perturbations at different depths.

Figure 43: Calculated dose perturbation with Geant4 (red curve) and film measurement (black curve), and the unperturbed
SOBP with Geant4 (blue curve). Note that, the dose drop down (black curve) at the region behind the marker (near the end of
the range) is missing. This is due to no measured points in that region. However, this is of less of concern, as the dose
perturbation in a region of around 10 mm away from the downstream edge of the marker was of interest.
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Figure 44: Relative dose perturbations in presence of the perpendicular oriented proton marker, calculated with Geant4 and
EBT3 films at nearest corresponding depths in the SOBP given in Table 7.

Table 7:Summary of dose perturbations associated with Figure 44 and the distance along the depth (zs) between the
downstream edge of the marker and the dose perturbation in terms of water-equivalent thickness for the three cases.

Case a)

Case b)

Case c)

EBT3

Geant4

EBT3

Geant4

EBT3

Geant4

Dose
reduction

18 ±2%

13±3 %

21±2 %

19±3 %

21±2 %

22±3 %

zs

6.0 ±0.5
mm

5.8±0.6
mm

8.8 ±0.5
mm

9.3±0.6
mm

10.3±0.6
mm

10.4±0.6
mm
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4. DISCUSSION
4.1 Adjustment of the Geant4 dose distribution and comparison with
experimental diode measurements
Comparison of the dose distribution of Geant4 simulation was performed with diode
measurements in the nearly monoenergetic beam and in the modulated beam. An adjustment
of the initial beam energy of the unmodulated beam to of 178.3 ±0.2 MeV resulted in good
agreement with the experiment. The differences between the curves are probably caused by
the fact that the whole beam line was not modelled in MC. In addition, in the area of hadronic
interactions of charged particles at energies in the order of a few MeV, especially for low Z
materials, there is no physics model able to reproduce the experimental data. For this reason,
in the default version of Geant4, the cross sections and the production of secondary particles
in proton-nucleus interactions for energies below 20 MeV is not accurate. However, for the
SOBP comparison (RM width = 48 mm) these differences are smoothed out resulting in small
differences which can be seen in Figure 25.
The effect of the differences in the modelled MC beam line is most pronounced for the
unmodulated lateral dose profiles especially at the edges, shown in Figure 24. However, this
is of less concern as the markers in the film measurements were placed in the central part with
homogenous dose.

4.2 Estimation of the impact of the initial beam size and initial spread
The impact of initial beam size and spread in water was determined by varying the initial
beam parameters such as the initial radial and angular Gaussian distributions by examining
the penumbras obtained with a collimator aperture of 40 mm. As can be seen in Figures 26
and 27 the penumbras are almost identical regardless of initial beam size and angular spread.
This means that the impact of the initial beam size and beam spread is negligible.

4.3 EBT3 film measurements
EBT3 film measurements showed that all investigated markers reduced the target dose in
small volumes. The effect was most pronounced for markers oriented parallel to the beam axis
and increased near the end of the SOBP. For example, the maximum dose reduction in
presence of the parallel oriented proton marker at mid-SOBP is 22% and a change of the
localization to the end-SOBP resulted in a maximum dose reduction of almost 50%. As
expected, the effect was also depending on the material thickness of the marker. The photon
marker, which was the thickest marker used in this work, caused an underdosage up to 85%
near the end of the SOBP.
Investigation of Fig 35 shows a small alignment problem. The left edge of the marker seems
to be a little bit closer to the end of the SOBP which can also be seen in Fig 36. This may
cause a higher dose reduction at the left edge. On the other hand, the right edge of the beam
gives smaller dose perturbation which will then be smoothed out and may not have a major
impact on %ΔDmean. However, %ΔDmax estimated for the perpendicular oriented zigzag
marker may in this case be overestimated.
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The underdosage is explained by the underlying physical processes, discussed also in section
1.2.3. The protons that pass through the marker underwent more scattering than those that did
not, causing a laterally fluence disequilibrium [15] and the energy decreases due to the energy
absorption in the high density material of the marker. This causes also a range-shift effect,
which is most pronounced for markers placed near the end of the SOBP where the energy of
the protons is relatively low.
Comparison of the dosimetric perturbations between the Gold Anchor marker and the proton
marker, used today at TSL, shows a reduced underdosage with the Gold Anchor marker. The
maximum dose shadow for the zigzag shaped Gold Anchor at mid-SOBP, which is a typical
implantation depth, was 4±2% for perpendicular orientation and 19±2% for the parallel
orientation. For the same orientations and placement, the dose perturbations for the proton
marker were 12±2% and 22±2%. As can be seen in table 5 and 6, it is clear that of all the
investigated markers the Gold Anchor marker causes the least dose perturbations in proton
beams.
The uncertainty analysis in the film experiment was performed by estimating type A
uncertainties. The type B uncertainties were neglected due to difficulties in the estimation.
The introduced calibration uncertainty was also neglected due to the small deviations which
can be seen in Fig 28. Type B uncertainty which could be introduced in the scanning process
such as the scanning orientation was taken into account. Another influencing factor was the
film-to-film variations and the differences on the optical density in the film. However, these
differences are of less concern in relative dose estimations.

4.4 Comparison of experimental data with MC-calculations
The MC simulations showed that the proton marker reduced the target dose up to 19±3% near
the end of the SOBP, which can be seen in Figures 41 and 42. The type A uncertainty was
estimated with the batch method to 3%. The statistical uncertainty depends on the size of the
voxel and the number of histories. More histories and larger voxel size decreases the
magnitude of the type A uncertainty.
As can be seen in fig 42 and 44, there is a large discontinuity in Geant4 dose profiles which
depends mainly on the dose calculation in Geant4. The dose is calculated at the middle of the
voxels. As the voxel size was 0.5x0.5x1.0 mm3, this may influence the Geant4 dose
calculations. However, larger voxel size gives better statistics and this influence may be
negligible as the mean value of the maximum dose perturbation is estimated.
Fig 43 and 44 show good agreement between the film measurements and the MC calculations.
The observed dose shadows in both methods agreed within their respective statistical
uncertainties. The most noticeable difference was seen in Figure 44 a) (see also Table 7). The
dose perturbation was calculated to 18±2% for the film measurement and 13±3% for MC
measurements. Other influencing factors on the result which were not taken into account may
be;
1- The material of the MC phantom (only PMMA instead of PMMA and film)
2- The MC beam line was a simplified version of the beam line at TSL
3- The Geant4 cross sections and the production of secondary particles in proton-nucleus
interactions for energies below 20 MeV is not accurate
4- Type B uncertainties and errors in the film measurements were neglected
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However, the dose perturbation was almost of the same magnitude and the deviation between
the film measurement and MC calculations was generally within ±5%.

5. CONCLUSION
Radiopaque fiducial markers give dose perturbations in small volumes in all investigated
cases. The magnitude of the perturbation depends on the shape, thickness, orientation and
localization of the markers. The effect was most pronounced for markers oriented parallel to
the beam axis and increased close to the distal end of the SOBP. The maximum dose
perturbation for the zigzag shaped Gold Anchor at mid-SOBP, which is a typical implantation
depth, was 4±2% for perpendicular orientation and 19±2% for the parallel orientation. For the
same orientations and placement, the dose perturbations for the proton marker were 12±2%
and 22±2%. As the perturbation increases with the thickness of the marker, the photon marker
caused the maximum dose perturbation in this work.
The proton marker, oriented perpendicular to the beam axis near the end of the SOBP gave a
dose perturbation of 21±3% with film measurements and 19±3% with MC simulations. The
MC simulations agreed generally well with the film measurements and the maximum
deviation was within ±5%.
In a clinical situation it is common that beams are delivered from different directions and that
the organs move somewhat during fractions or between fractions, which means that the
underdosage to some extent will be levelled out. A normal prostate gland size is about 2530cm3 [44] and the size of the prostate gland increases with age. Usually 3-4 markers are
implanted in the prostate. For a proton marker at mid-SOBP, oriented perpendicular to beam
axis, the dose is reduced up to 11%. Thereby, the dose is reduced to approximately 5 % in a
range of around 30 mm along the depth. This corresponds to a volume of around 0.07 cm3
(0.6x4.0x30 mm3). For example, if there are four proton markers implanted in the prostate, the
underdosage volume in the prostate gland will correspond to around 1% of the total volume.
This means that the dose perturbation when the marker is oriented perpendicular to the beam
axis at mid-SOBP can be neglected. However, localization and orientation of the marker has
an major impact. For example, when the proton marker was oriented parallel to the beam axis
and localized near the end of SOBP, the dose perturbation was much larger which may have a
negative influencing effect on the tumour cell kill process (e.g the dose reduction was almost
50% near the end SOBP).
Of the investigated markers the Gold Anchor marker causes the least dose perturbations in
proton beams. Furthermore, Naslund Medical Ab offers also Gold Anchor markers with a
length of 10 mm. This marker would in the case of parallel orientations reduce the dose
perturbation by half.
Thus, the major advantages of the Gold Anchor marker makes it superior and may be used in
future PBT.
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