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The Australian MRI-Linac prototype radiotherapy system has been shown to generate
significant entry skin or surface dose increases. This arises from electron contamination
focusing toward the isocenter caused by the 1 TMRI field being in-line with the x-ray beam.
The aim of this study is to present accurate Monte Carlo modeling of these skin dose
changes and to compare them with previous experimental measurements. Accurate skin
dose modeling will improve confidence in the pathway forward to treatment planning for
clinical trials. A COMSOLMultiphysics model of the Australian MRI-Linac systemwas used
to generate a 3D magnetic field map to be used in corresponding Geant4 Monte Carlo
simulations. The Geant4 simulations included the x-ray source (6 MV Linac), multileaf
collimators (MLCs), and a 30 cm × 30 cm × 30 cm water phantom located with its front
surface at the beam isocenter. Simulations were performed with a source to surface
distance (SSD) of 1,819mm for nominal field sizes 2 cm × 2 cm, 6 cm × 6 cm, and 10 cm ×
10 cm. Central axis percentage depth dose (PDD) and surface (or skin) doses at 70 μm
depth were calculated by using high-resolution scoring voxels of 10 μm thickness. The
results were compared with corresponding experimental data collected using MOSkin™
on the Australian MRI-Linac prototype system. The accurate modeling provides great
detail into how the electron contamination is heavily confined and focused toward the
beam central axis due to the presence of in-line magnetic field. This concentration
significantly increases the skin dose up to 320% for the field size of 10 cm × 10 cm.
For 2 cm × 2 cm and 6 cm × 6 cm, the surface skin dose is 128% and 217%, respectively,
as compared to the skin dose in the absence of the magnetic field. The simulation results
are in generally good agreement, ±10%, with previously collected experimental data for the
same nominal field sizes. For the first time, detailed Geant4 Monte Carlo simulations of the
electron contamination in the Australian MRI-Linac system have been performed and
confirmed to be sufficiently accurate. These simulations will provide a solid framework for
estimating the skin dose changes in more clinically relevant treatment plan scenarios that
are envisaged in the near future.
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1 INTRODUCTION

The aim of image-guided radiotherapy (IGRT) is to minimize the
setup error and improve the accuracy of the treatment plan,
especially for the organs that are more susceptible to motion
errors. Relatively recent advancement in this field is the
introduction of the MRI-Linac system. Two such systems have
been in clinical use for several years now, namely the Elekta Unity
and the ViewRay MRIdian machines [1,2].

For the above commercial systems, the radiation beam is
transverse to the static field of the MRI system. This impacts
dosimetry as the trajectories of any secondary electrons are
altered by the presence of the magnetic field [3–5]. Due to the
electron return effect, these effects are more pronounced on exit
and entry surfaces, tissue-air boundaries, and in non-
homogeneous mediums [4,6]. The changes in the dose
distribution are also dependent on the strength of the
magnetic field [7,8]. The response of ion chambers and several
other solid-state detectors also changes in the presence of the
transverse magnetic field [9–11] which makes dosimetry
complicated as specific orientation and correction factors need
to be taken into account [12]. The presence of the transverse
magnetic field also alters the beam characteristics, along with
surface and skin doses [13,14].

Several historical studies have suggested using longitudinal
magnetic fields which can negate the effects on beam
characteristics and dose distribution arising in the presence of
the transverse magnetic field [15–17]. Monte Carlo simulations
have shown the converging and focusing effects on the electrons
in the beam trajectory results in conformal dose distribution at
depths [18,19]. In the presence of a longitudinal magnetic field,
electrons are focused toward the beam direction which results in a
reduction in lateral scattering, narrowing of the penumbral
widths, and more confined and converged dose distribution.
Simulations have also shown uniform dose distribution in the
lung as the dose is more tightly confined by the longitudinal field
[20]. Other studies have also shown favorable dosimetry in the
presence of longitudinal magnetic fields [21,22]. In the
megavoltage photon beam, electron contamination is usually
generated from the linac head, collimation devices, flattening
filter, and in the air between the linac head and the patient surface
[23–27]. Electron contamination contributes significantly to dose
in the build-up region [28,29] and is mainly dependent on source-
to-surface distance, field sizes, and the beam modifiers
[26,30–32]. In the presence of a strong longitudinal magnetic
field, electrons are less likely to scatter laterally, however, they
tend to concentrate within the beam and, consequently, skin dose
increases. In a Monte Carlo study conducted by Oborn et al. to
investigate the effect of electron contamination on skin dose, the
presence of an in-line magnetic field shows significant increases
in surface skin dose at the beam central axis [33]. These skin dose
hotspots are also dependent on the beam collimation
arrangement, field sizes, and isocenter distance [33]. This work
was reinvestigated by Monte Carlo simulations of 1 T open bore
MRI-Linac design for skin dose modeling and prediction of skin
dose which was found to be of similar magnitude as found in
previous work [34]. The skin dose values measured

experimentally have shown significant differences between 0 T,
1, and 1.5 T due to the electron focusing effect [35].

In this work, we present accurate modeling of the Australian
MRI-Linac prototype and the corresponding skin doses by
designing the Geant4 model of the MRI-Linatron system.
Accurate 3D magnetic field models and Geant4 modeling of
beam transport in a phantom are used to determine high-
resolution dose scoring. The simulated dose is compared to
the dose measured experimentally using a MOSkin™ detector
system.

2 MATERIALS AND METHODS

The Australian MRI-Linac prototype system was developed at the
Ingham Institute for AppliedMedical Research, Liverpool, Australia.
It consists of a custom-designed 1 T split bore MRI scanner (Agilent
Technologies, Oxford, United Kingdom) integrated with a Varian
industrial-grade flattening filter free (FFF) linear accelerator
Linatron-MP (Varex, UT, United States). The linatron produces a
circular primary 6MV radiation beam of 13-degree span which is
then collimated using a Varian 120-leaf multileaf collimator (MLC).
These are both mounted on a common table with a rail system for
varying the x-ray source to MRI isocenter distance between 1.8 and
3.2 m. Figure 1 shows a schematic diagram of the MRI-Linatron
system. Modeling and simulations of the integrated system have
been performed over two different software platforms which include
the MRI model (magnetic field calculation) and the x-ray beam
production and collimation process. The following sections outline
these two components.

2.1 MRI Scanner Model
The 1 T split bore MRI system was accurately modeled previously
[34] using COMSOL MultiPhysics v4.4 [36]. In this model, the
superconducting MRI source coils were modeled from first
principles, and the magnetic field within and surrounding the
MRI isocenter was accurately matched to the manufacturer’s
specification. Further details of the simulation setup can be
obtained in the reference article [34]. From this simulation,
volumetric magnetic field data were exported in text format
and correspondingly used in the Geant4 Monte Carlo
simulations. This enables one to study the impact of the MRI
field on radiation beam transport accurately.

2.2 Geant4 Monte Carlo Model
The Monte Carlo model of the linac system was designed using
Geant4 10.06.01. It was split into two components:

(1) a model of the linac head and x-ray production process. This
starts from the electrons striking the x-ray target and ends by
terminating all secondary particles crossing a plane just above
the MLCs. This process creates a phase-space file consisting
of the secondary particles that are used as input to the second
stage of the Monte Carlo simulations, and

(2) transport of the x-ray beam particles through the MLCs and
down to a 30 cm × 30 cm × 30 cm water phantom located at
the isocenter of the MRI scanner system.
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The following sections describe these two stages in more detail.

2.2.1 Linac Head Simulations
All key components in the linac x-ray head were modeled as
outlined in the manufacturer’s details. This included the copper
x-ray target, tungsten primary collimator, ionization chamber,
and the aluminum beam exit window. The collimator housing
and magnetic shield, linac cover, and linac table were also
included for completeness, although they have no impact on
the radiation beam generation or collimation. For these phase-
space file simulations, a total of 200 files were created. Each
consisted of a 6.0 MeV electron pencil beam striking the x-ray
target with a 1% Gaussian spread in energy. A total of 1 × 108

primary electrons were simulated in each phase-space file. This
produced an average of around 3.3 × 106 secondary particles in
each of the phase-space files. Two sets of these phase-space file
simulations were generated. One which included the magnetic

field look-up table and one that did not. These were then
correspondingly used to simulate the surface doses with and
without the influence of the MRI scanner.

2.2.2 Phantom Dose Simulations
For these simulations, the particles from each of the phase-
space files were fired through the MLCs and traveled down to
the phantom located at the MRI isocenter. The overall source
to surface (or magnet isocenter) distance was set as 1,819 mm,
which is the closest the linac head can be positioned to the MRI
scanner. Figure 1 shows an example of this simulation stage,
and how the secondary electrons are focused toward the MRI
isocenter. The MLC geometry consisted of 120 MLC leaves
which were made of a slightly ferromagnetic grade of tungsten
alloy. Each MLC leaf had a default leaf gap of 40 μm. The MLC
leaf positions were set to create nominal field sizes at the MRI
isocenter of 2 cm × 2 cm, 6 cm × 6 cm, and 10 cm × 10 cm. A

FIGURE 1 | Schematic diagram of the Sydney MRI-Linac system at the Ingham Institute.
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30 cm × 30 cm x 30 cm water phantom was positioned such
that the surface at beam entry was located at the MRI isocenter.

The dose was scored over two different volumes. The first
volume encompassed exactly the Gammex solid water phantom
and consisted of 1 mm × 1 mm × 1 mm scoring voxels. This
scoring volume is useful for the general assessment of the dose
changes throughout the bulk of the water phantom. However, a
second volume was also used which covered the first 2 cm of

depth into the water phantom with a resolution of 10 μm in the
depth direction and 1 mm × 1 mm in the cross-plane directions.
This scoring volume was used to extract the surface or skin doses
at 70 μm depth.

For each field size simulation, a total of 200 parallel jobs
were run and the results merged together. Each simulation
fired each particle of its parent phase-space a total of 100 times.
For each field size, simulations with and without the MRI field

FIGURE 2 | 2D dosemaps through and on the surface of the water phantom for field sizes of 2 cm × 2 cm (top row), 6 cm × 6 cm (middle row), and 10 cm × 10 cm
(bottom row). Doses greater than 100% of the nominal Dmax dose are presented through a second colormap. This clearly highlights the extent of the electron
contamination hotspot.
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were performed. This allows for a direct examination of the
impact on the electron contamination due to the MRI field.

2.3 Experimental Surface Dose
Measurements
A recent study was conducted in which the surface doses were
accurately measured for the Australian MRI-Linac using a

MOSkin™ detector system [37]. The dose at various depths
inside a Gammex solid water phantom for a selection of field
sizes that matched those in the current study were taken. This
allowed for direct comparisons between the experiments and
the Monte Carlo simulations. Further details of the
experimental procedure are outlined in the reference article.
For dose normalization, the experimental data points between
2 and 8 cm were matched with the non-magnetic field Monte

FIGURE 3 | Depth dose curves for the nominal field sizes of 2 cm × 2 cm, 6 cm × 6 cm, and 10 cm × 10 cm. Experimental data were collected with MOSkin™ in
1 T MRI-Linac. MC simulation results were obtained with a magnetic field on and off for comparison.
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Carlo simulation data for each field size. In turn, the non-
magnetic field simulation data was normalized to have a 100%
dose at 15 mm depth.

3 RESULTS

3.1 Electron Contamination Hotspot
Figure 2 presents 2D dose maps through the water phantom
for each of the three field sizes with the MRI magnetic field
included. On the left side, a side view is presented of the dose
through the phantom while the right side shows the dose in the
first mm. The three field sizes are presented from left to right.
A double or split dose colormap is employed to highlight the
doses above the nominal 100% that occur at the conventional
definition of Dmax or 15 mm depth for a 6 MV beam. All doses
greater than this are represented through a colormap as shown
in the color bar on the right-hand side of the figure. These 2D
dose plots demonstrate how the hotspot is very localized
around the beam central axis and only extends down to
around Dmax in depth. The MLC leaf tip transmission line
is visible in the lateral direction on the beam’s eye view
dose maps.

3.2 Percentage Depth Dose Profiles
Figure 3 presents the central axis PDD doses as scored from the
high-resolution simulation. For each plot, the simulation
without the magnetic field is included for reference. The
experimental data points are included at the various depths
measured. There is generally good agreement between the
experimental data points and the simulations when the
magnetic field was included. The measured values for the
70 μm skin doses in the presence of the in-line magnetic
field from Monte Carlo simulations and the experiment are
summarized in Table 1.

4 DISCUSSION

As shown in Figure 2, the Monte Carlo simulations provide
exceptional insight into the origin of the unique surface dose

hotspots observed on the Australian MRI-Linac prototype. It is
clearly linked to the focusing of a vast number of secondary
electrons produced by the parent x-ray beam as it transports
from the MLCs down to the water phantom. These electrons
are usually randomly scattered in the air, but the presence of
the in-line magnetic field influences the track of the electrons
and converges them toward the beam central axis which causes
the highspot on the surface of the skin. This stronger focusing
effect of the in-line magnetic field increases with the field size.
This is mainly because of the fact that as the field size increases,
more electrons are scattered from the linac component. As the
scattering ratio is large for the larger field sizes, it can be seen
from the results that the electron focusing effect is more
pronounced for 6 cm × 6 cm and is largest for 10 cm × 10 cm.

As outlined in Table 1, the experimental skin dose values
from Monte Carlo simulations are found to be in good
agreement, ±10%, with the experimental data. There is
apparently a small over-response in the MOSkin™ values
for the larger field sizes as compared with the Monte Carlo
simulations. It is expected due to the over response of silicon to
low-energy (kilovoltage) photons as the photoelectric effect is
dominant for higher Z materials in the low energy spectrum.
The larger field sizes will have a greater proportion of low-
energy electrons incident on the detector. It is due to this
reason that for larger field sizes, the agreement between Monte
Carlo values and experimentally measured skin dose is found
to be in ±10% agreement.

The good match observed in these detailed simulations
provides good confidence in broadening the types of
simulations and dose planning studies so that the electron
contamination hotspot can be further characterized. Being
able to conduct accurate skin dose simulations is a powerful
and efficient tool that will be key in progressing the dose
planning stages of the MRI-Linac prototype system.

5 CONCLUSION

The skin or surface dosimetry of the Australian MRI-Linac
prototype system has been modeled in detail using Geant4
Monte Carlo simulations coupled with magnetic field data
from COMSOL Multiphysics simulations of the MRI system.
This modeling enables us to clearly observe the origins of the
unusually high surface doses through a unique process of
electron contamination focusing toward the beam central
axis. These surface dose hotspots at 70 μm depth are shown
to rapidly exceed the dose at Dmax as the x-ray beam field size
increases. Most importantly, these predictions are
correspondingly within ±10% of the values seen using
MOSkin™ experimental methods of the same scenarios.
These simulations will serve as a robust tool to grow
confidence in the clinical dose planning stages currently
being pursued within the Australian MRI-Linac Program of
Research.

TABLE 1 | Surface dose (70 μm depth) comparison between the Monte Carlo
simulations and the previously conducted experimental measurements using
the MOSkin™ detector. Each of the field sizes is within a ±5%match between the
experiment and simulation values. The experimental measurements had an
uncertainly in the order of ±3.5%.

Field size Experiment (%) Simulation (%)

2 cm × 2 cm 123.4 128
6 cm × 6 cm 227.0 217
10 cm × 10 cm 355.0 320
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