
Physics in Medicine & Biology
     

PAPER • OPEN ACCESS

Monte Carlo simulations of out-of-field surface
doses due to the electron streaming effect in
orthogonal magnetic fields
To cite this article: Victor N Malkov et al 2019 Phys. Med. Biol. 64 115029

 

View the article online for updates and enhancements.

Recent citations
Online MR-guided radiotherapy – A new
era in radiotherapy
B. Slotman and C. Gani

-

This content was downloaded from IP address 143.121.35.200 on 02/01/2020 at 12:19

https://doi.org/10.1088/1361-6560/ab0aa0
http://dx.doi.org/10.1016/j.ctro.2019.04.011
http://dx.doi.org/10.1016/j.ctro.2019.04.011
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu_xrXL01Dk9uCEY197YeVGUFzF5EjPRLvSGsW5X4lQyh33MT6W4_Hmo58xrqEd92tJ5DY78Nz2C-I0LIp3B6FKmEWSM_E1DH2wNjqiRklu8dccliFXkSDlWtJ4SEFjX5-5pZYNlSJteQDKwGrxu6FZytRjp8BJt3-v7AG5x5VqH76uRM14iORWnYDnWspRQyBeC-nmL-edXOFA4WZWHcqp9TSjAc2jm-F1IpLmGsi8m6T6mUS-&sig=Cg0ArKJSzKvCnvDAeAL-&adurl=https://www.iba-dosimetry.com/product/smartscantm/


© 2019 Institute of Physics and Engineering in Medicine

1. Introduction

The ability to visualize and track the treatment target is a major aim in radiation therapy as it allows for margin 
reduction and potential improvements in sparing healthy tissues of unnecessary dose. An option for image 
guided radiation therapy is currently implemented using photon-based imaging systems such as portal imagers 
and cone beam computed tomography with potential further enhancement using optical imaging to correlate 
patient motion with acquired images (Jaffray and Siewerdsen 2000, Lee et al 2008, Dieterich et al 2011). Such 
systems lack soft tissue contrast and often rely on tracking higher density anatomical features as a surrogate for 
the tumour position. Magnetic resonance imaging (MRI) provides excellent soft tissue contrast, fast visualization 
capabilities, and a radiation-free imaging solution. These points are the main motivators for development 
of combined MRI and radiation delivery systems to provide magnetic resonance guided radiation therapy 
(MRgRT). In addition to enhanced imaging to improve tumour tracking, fast MRI sequences will permit for real-
time adaptive radiation therapies (Kontaxis et al 2015, Acharya et al 2016, Henke et al 2016) and functional MRI 
may be used to further guide patient treatment.

These complex MRgRT systems are well on their development and production stages. The Viewray MRIdian 
system (Mutic and Dempsey 2014), which comprises a 0.35 T MRI with orthogonal radiation delivery achieved 
using a three Co-60 or linac source configuration has been used clinically to provide adaptive treatments since 
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Abstract
The out-of-field surface dose contribution due to backscattered or ejected electrons, focused by the 
magnetic field, is evaluated in this work. This electron streaming effect (ESE) can contribute to out-
of-field skin doses in orthogonal magnetic resonance guided radiation therapy machines.

Using the EGSnrc Monte Carlo package, a phantom is set-up along the central axis of an incident 
10 × 10 cm2 7 MV FFF photon beam. The phantom exit or entry surface is inclined with respect to 
the magnetic field, and an out-of-field water panel is positioned 10 cm away from, and centered on, 
the isocenter. The doses from streaming backscattered or ejected electrons, for either a 0.35 T or 1.5 T 
magnetic field, are evaluated in the out-of-field water panel for surface inclines of 10, 30, and 45°.

The magnetic field focuses electrons emitted from the inclined phantom. Dose distributions at the 
surface of the out-of-field water panel are sharper in the 1.5 T magnetic field as compared to 0.35 T. 
The maximum doses for the 0.35 T simulations are 23.2%, 37.8%, and 39.0% for the respective 10, 
30, and 45° simulations. For 1.5 T, for the same angles, the maximum values are 17.1%, 29.8%, and 
35.8%. Dose values drop to below 2% within the first 1 cm of the out-of-field water phantom. The 
phantom thickness is an important variable in the magnitude of the ESE dose.

The ESE can produce large out-of-field skin doses and must be a consideration in treatment 
planning in the MRgRT work-flow. Treatments often include multiple beams which will serve to 
spread out the effect, and many beams, such as anterior–posterior, will reduce the skin dose due to the 
ESE. A 1 cm thick shielding of either a bolus placed on the patient or mounted on the present RF coils 
would greatly reduce the ESE dose contributions. Further exploration of the capabilities of treatment 
planning systems to screen for this effect is required.
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2014. The Elekta Unity system (Raaymakers et al 2004, 2017) also uses a perpendicular magnetic and photon field 
set-up of a 1.5 T Philips MRI and a 7 MV FFF linac to provide an MRgRT solution. This system is installed inter-
nationally as part of the MR-linac consortium, and delivered its first-in-man (Raaymakers et al 2017) treatments 
in 2017 at the University Medical Center Utrecht. The MagnetTx Aurora system (Fallone et al 2009) combines 
a 0.5 T magnetic field with a 6 MV linac to achieve radiation delivery parallel to the magnetic field. Australia’s 
currently experimental 1 T MRI and 6 MV linac machine (Keall et al 2014) can deliver its radiation beam in both 
parallel and perpendicular orientations with respect to the magnetic field.

In addition to ensuring that the imaging and radiation delivery systems function properly when combined, 
developers and researchers have had to address the effects of the magnetic field on patient dose distributions. 
Some of the effects on the dose distribution are seen through changes in interface doses, the penumbra profile, 
and the maximum dose depth (Raaijmakers et al 2007, 2008, Oborn et al 2012, 2014, Keyvanloo et al 2016). In-
field surface doses are increased in parallel MRgRT systems due to the focusing of electrons generated in the 
irradiated air or incoming from the linac head (Keyvanloo et al 2012, Oborn et al 2012). In orthogonal systems, 
these same electrons are swept out of the primary field and only electrons generated proximal to the patient can 
contribute to in-field surface doses (Oborn et al 2009). The contribution of escaping electrons to out-of-field 
doses should be explored in greater detail.

The electrons generated in the air continue along the magnetic field lines and have the potential of striking 
the patient and contributing to skin toxicity outside the main treatment field. Hackett et al (2018), using EBT3 
film, measured doses of 5.4% ± 0.2% of the maximum dose deliverable by the beam in a water phantom at 
surfaces perpendicular to the magnetic field and positioned 5 cm away from the field edge of a 10 × 10 cm2 field. 
Recently, Park et al (2018) studied treatment plans produced for accelerated partial breast irradiations with either 
0 T or 0.35 T magnetic field orthogonal to the photon beams. The group found that the presence of the magnetic 
field induced doses as large as 15% of the prescription dose to extend in the air along the magnetic field axis and 
well outside the main treatment region. These findings are further supported by Yang et al (2015) who found 
doses of 3–6 Gy in the neck, lower jaw, and supraclavicular regions in dose distributions calculated using Geant4 
for Tomotherapy head and neck plans (prescription of 70 Gy in 35 fractions) with orthogonal magnetic fields 
ranging from 0.35 T to 3 T. Such high doses, which appear to be much larger than the magnitude of the effect 
measured by Hackett et al (2018), suggests that electrons, generated in the patient and escaping into the air, spiral 
along the magnetic field and are capable of striking the patient and contributing to skin dose. To evaluate the ori-
gin of these high doses, this issue is investigated in detail here for various magnetic field strengths and phantom 
geometries.

In this work, the EGSnrc Monte Carlo simulation package is used to evaluate the electron streaming effect 
(ESE). The ESE encompasses electrons which can backscatter or be ejected along the axis of the main radiation 
beam away from the patient or phantom surface, as exemplified in figure 1. These electrons will then spiral along 
the magnetic field lines until they impact a surface which may lie outside the treatment field. The ESE is studied 
here for various entry and exit surface inclines for 0 T, 0.35 T, and 1.5 T magnetic fields. The depth of penetration 
of the additional out-of-field surface doses is determined in order to produce recommendations as to how to 
handle cases where the ESE arises.

2. Methods

The egs_chamber (Wulff et al 2008) application of the EGSnrc Monte Carlo code system (Kawrakow et al 2011) 
along with the recently implemented and validated enhanced electric and magnetic field macros (Malkov and 
Rogers 2016) is used in all simulations. All default code parameters were maintained and electron (ECUT) and 
photon (PCUT) energy cut-offs were set to 521 keV and 10 keV, respectively. Cross section enhancement is used in 
all simulations with an enhancement factors of 8 and a regional range rejection method is implemented in the the 
water phantom to reject electrons which are located more than 1.4 times the continuous slowing down range from 
the surface. The regional rejection method would ignore a portion of the Bremsstrahlung contributions from 
electrons inside the water phantom. The lack of impact on simulation outcome of the efficiency improvement 
techniques is verified by comparing a few test simulations with the techniques turned on or off.

The latest available Elekta (Elekta AB, Stockholm, Sweden) generated phase-space files were used for the  
7 MV Unity MR-linac accelerator. The phase-space is for a 10 × 10 cm2 field size defined at the isocenter, located at 
143.5 cm away from the particle source. The particles in the phase-space file are stored at 129.5 cm away from the 
source. To improve efficiency in the magnetic field simulation, the electrons and positrons from the phase-space 
file are not simulated as they are unable to reach the scoring regions of interest in the simulation. Test simulations 
did not produce differences in results between using or excluding the charged particles from the file.

Phys. Med. Biol. 64 (2019) 115029 (10pp)
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2.1. Entry and exit ESE phantom set-up
To evaluate the electron streaming effect (ESE) a simple geometry is implemented and a schematic can be viewed 
in figure 1. To determine the ESE contribution to out-of-field doses due to backscattered electrons, the entry 
streaming phantom is set up with the center of the entry surface positioned at isocenter. The phantom thickness, 
defined as the distance from the center of the inclined surface to the flat base of the phantom, is 14 cm. The 
center of the inclined surface is always positioned at the isocenter for the 10, 30, and 45° simulations. The exit 
streaming phantom is set-up in a similar manner with the inclined surface center always being at isocenter and 
the same phantom thickness as the entry simulation. The difference is that the entry surface facing the beam is 
flat and begins at 129.5 cm. In both simulations the magnetic field is oriented in the negative y direction (defined 
as is ICE1217 machine coordinate system) and is set to either 0, 0.35, or 1.5 T. A water panel with dimensions 
of 20 cm × 5 cm × 30 cm in the x, y , and z directions, respectively, is positioned 10 cm away from, and centered 
on, isocenter. In both the entry and exit streaming simulations a depth dose curve and a surface dose profile are 
determined. All doses are reported as a percentage of the maximum deliverable dose, Dmax, by the beam. Dmax is 
calculated in a separate simulation in a 30 × 30 × 30 cm3 water phantom with an SSD of 133.5 cm. The maximum 
dose is determined for each of the simulated magnetic fields by scoring the central axis depth dose curve in voxels 
with a 0.5 × 0.5 cm2 surface area and a thickness of 0.2 cm along the direction of the beam. The depth dose curves 
in the out-of-field water panel are determined in voxels with a surface of 1 cm × 1 cm along the x and z directions 
and 0.1 cm thick segments into the water panel along the y -axis. The surface dose profile is calculated in the 
first 0.1 cm of the water panel in a 40 × 80 pixel region along the z and x directions, respectively. Each side of the 
individual pixels of the profile is 0.25 cm.

In these simulations backscattered or ejected electrons would be able to spiral along the magnetic field. This is 
shown in figure 1 by the red sinusoidal line. Some of the electrons will be able to return to the surface of the water 
phantom. A portion of the spiralling electrons will be those generated in the air, but this is expected to be a small 
contribution as compared to the number of electrons emitted from the water phantom. In the work of Raaijmak-
ers et al (2005) the phantoms considered were effectively rotated by 90° around the z-axis relative to the ones 
considered here and the impact of the magnetic field on the in-field surface doses was evaluated.

In addition to the simulations with the water phantom as presented in figure 1, the exit streaming phantom 
was rotated by 90° along the z-axis while keeping the out-of-field water panel in the same location. This geometry 
is similar to that of Raaijmakers et al (2005), but the dose outside the primary field is of interest. This rotation 

Figure 1. Schematic of the set-up for the (a) entry and (b) exit streaming simulations. The phase-space photon source, scored 
at 129.5 cm from the source (dashed red line), is incident on the inclined water phantom. The inclined surface of the phantom is 
always centred at the isocenter (red dot) and the thickness from the base to isocenter is maintained as 14 cm (except for the varying 
thickness simulations in section 2.3). The magnetic field is directed along the negative y -axis. The effect of the magnetic field is 
shown on a sample electron (sinusoidal red line). In both the entry and exit simulations a depth dose curve and a surface dose profile 
is scored.

Phys. Med. Biol. 64 (2019) 115029 (10pp)
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resulted in the angled surface of the water phantom to be inclined along the x-axis instead of along the y -axis as in 
figure 1. This permitted the analysis of the ESE for exit surface parallel to the magnetic field. Results are presented 
for 0 T, 0.35 T, and 1.5 T magnetic fields with a 0° slope of the surface, and for a 1.5 T field with a 10° and 45° slope 
with the water phantom rotated  +90° along the z-axis (sloped surface pointing towards the positive x-axis) and 
with a 45° slope with the water phantom rotated  −90° (sloped surface towards the negative x-axis). This set-up 
corresponds to beams incident on the side of the patient and which may be slightly inclined with respect to the 
incoming photon beam.

2.2. Effect of distance on the ESE
Once the electrons are backscattered or ejected from the water surface, the magnetic field will reduce lateral 
scatter of these electrons away from the magnetic field lines. This implies that moving the dose scoring water 
panel further away from isocenter should not produce large variations in the results (aside from some energy 
loss and scatter in the air). In the absence of a magnetic field, the out-of-field electron dose contribution would 
decrease due to scatter, energy loss, and the inverse square law. To evaluate the ESE as a function of distance, the 
water panel is positioned at 10, 20, and 30 cm away from isocenter. The surface dose profile is evaluated for the 
exit phantom, as in figure 1, with a 30° incline with a 1.5 T magnetic field at these locations.

2.3. Varying phantom thickness
Since photon fluence is directly correlated with the generated secondary electron fluence, the attenuation of the 
photon beam produces a decline in the total electron fluence with phantom depth. This indicates that increasing 
phantom thickness would produce fewer electrons, which would be able to exit the phantom and stream towards 
the scoring water panel. To evaluate the variation of the ESE doses as a function of phantom thickness, the 
thickness of the exit water phantom is set to 10, 18, or 26 cm for an incline of 30°. Since the phase-space file begins 
at 129.5 cm, the center of the inclined exit surface of the water phantom is positioned at 155.5 cm. This allows 
the inclined exit surface to remain in the same location while the thickness of the phantom is varied and as such 
the inverse square effects on the photon beam are equal for all of the thickness simulations. The scoring water 
panel is appropriately shifted such that its center is aligned with the center of the inclined exit surface of the water 
phantom. The surface dose profiles on the water panel is presented for each thickness.

2.4. ESE for a 2 × 2 cm2 field size
Since smaller fields are generally used in intensity modulated radiation treatments, the ESE is evaluated for a  
2 × 2 cm2 field size defined at isocenter. An Elekta generated phase-space file is also used for these simulation, and 
the phase-space scoring plane is also at 129.5 cm away from the source. The exit phantom, with the 10, 30, and 
45° inclines, as described in section 2.1 is used in these simulations and only the 0.35 T and 1.5 T magnetic field 
simulations are presented. The normalizing Dmax is appropriately recalculated for these magnetic fields using the 
smaller field size.

3. Results and discussion

Below the results for the various studies of this work are presented. Both surface dose profiles and depth dose 
curves in the out-of-field water panel are shown. The reader’s attention is drawn to the variations in the scale 
used for the various figures of the surface dose profiles. The colour scale is inter-comparable between panels of 
each figure, but not between different figures. In all of the surface dose profile panels the photon beam is incident 
from the negative z-axis.

3.1. Entry backscatter ESE doses
Figure 2 provides the water dose panel surface profiles for the entry backscatter phantom presented in section 2.1. 
The results are given for 0, 0.35, and 1.5 T with 10, 30, and 45° incline for each magnetic field. The 0 T results show 
little out-of-field backscatter dose. The maximum effect for the 0 T case is on the order of a few percent at most. 
The introduction of the magnetic field demonstrates the ESE as the electrons are focused by the magnetic field 
and the inclined surface area of the 10 × 10 cm2 beam is projected onto the side water panel. The 1.5 T magnetic 
field, due to the smaller gyroradius, produces a sharper dose profile than the 0.35 T case. The largest ESE dose for 
the backscattered electrons is seen for the 45° surface angle with maximum isodose curves of roughly 5.0% and 
8.5% for the 0.35 T and 1.5 T magnetic fields, respectively.

In figure 3 the depth dose curves in the side water panel for the entry streaming calculation are presented. In 
all cases, within approximately the first 0.5 cm of the water phantom all the surface angle simulations converge to 
a roughly equivalent out-of-field dose. The sharp drop-off for the magnetic field simulations is anticipated since 
the electrons striking the panel would quickly lose their energy near the surface of the panel. These results are 
consistent with the measurements of Hackett et al (2018) who saw that the air born electrons which spiral along 
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the magnetic field contribute to out-of-field dose increases only in the first few millimetres of the measurement 
panel.

3.2. Exit ejected ESE doses
In figure 4 the exit streaming simulation results are presented. The 0 T simulations show a fairly diffused 
distribution with all values within 9%, with the higher doses appearing in the upper region of the 45° simulation 
results (these values are difficult to observe in figure 4 due the colour scale). Again the presence of a magnetic 
field allows the projection of ejected electrons from the surface onto the side water panel, and the stronger 
magnetic field produces a sharper dose profile due to the smaller radius of curvature of the electron trajectories. 
The maximum doses for the 0.35 T simulations are 23.2%, 37.8%, and 39.0% for the respective 10, 30, and 45° 
simulations (each value carries an absolute uncertainty of 0.2%). For the 1.5 T simulations for the same angles 
the maximum values are 17.1%, 29.8%, and 35.8% (absolute uncertainty of 0.2%). Perhaps somewhat counter-
intuitively, the lower 0.35 T magnetic field produces a larger maximum dose value as compared to 1.5 T. Though 
this is not the case in the entry simulation in section 3.1 as it is linked to the energy and the backscatter direction 
distribution of the electrons. In the exit simulations in this section, both the 0.35 and 1.5 T magnetic fields 
produce the ESE, but the lower magnetic field induces a larger radius of curvature of the electron trajectories 
than the 1.5 T field. This allows more electrons to escape the surface of the inclined phantom, and stream towards 
the out-of-field water panel. As is seen in section 3.5 below, the lower magnetic field does not always produce an 
overall larger maximum ESE dose.

Particularly in the 1.5 T simulations and most distinct for the 45° phantom, there is a dose gradient along the 
z-axis of the surface dose profiles. This is attributed to two effects and both have to do with the incline of the exit 
surface. The first is the inverse square effect which produces a difference in the photon fluence between the lower 

Figure 2. Surface dose profiles for the entry simulation shown in figure 1 with a 10, 30, and 45° inclines for 0, 0.35, and 1.5 T .

Figure 3. Depth dose curves for the entry simulation shown in figure 1 with a 10, 30, or 45° incline for 0, 0.35, and 1.5 T. Each point 
represents the average dose in a 1 mm thick region into the phantom.

Phys. Med. Biol. 64 (2019) 115029 (10pp)
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Figure 5. Depth dose curves for the exit simulation shown in figure 1 with a 10, 30, or 45° incline for 0, 0.35, and 1.5 T. Each point 
represents the average dose in a 1 mm thick region into the phantom.

and upper edge of the inclined phantom. The second effect here is the attenuation of the photon beam which 
increases from the lower to the upper edge of the water phantom. Combined, these two effects produce a gradient 
in the overall electron fluence along the surface of the inclined phantom.

Figure 5 provides the depth dose curves in the side water panel for the exit ESE simulations. Similarly to 
the entry simulations, there is a sharp fall-off in the dose with depth. In these simulations a rough convergence 
between the different inclines and a drop below 2% in the magnetic field simulations is attained at a depth of 
about 1 cm into the water phantom.

Simulations with the water phantom rotated by 90° along the z-axis are shown in figure 6. The 0° simulations 
correspond to the streaming of ejected electrons along a flat surface. In this case, again, the 0 T results show little 
out-of-field contribution as compared to the 0.35 T and 1.5 T results. For the 0.35 T simulations there is a roughly 
10% contribution within the region of the primary beam near the water phantom exit surface, while, for 1.5 T, in 
the same region the effect is approximately 5%. This is due to the higher magnetic field causing more of the high 
energy electrons to return to the surface of the water phantom, while the 0.35 T magnetic field leads to streaming 
of electrons along spirals with much larger radii which allows these electrons to travel beyond the extents of the 
water phantom. Because of this larger gyroradius the region of increased out-of-field dose is more diffused for 
the 0.35 T field. At the edges of the water phantom (at x = ±7 cm) electrons escaping are more likely to not meet 
a surface when completing a rotation in the magnetic field due to the geometry of the phantom, and this leads to 
small localized hot spots which are more pronounced in the 1.5 T field. For the 1.5 T simulations, increasing the 
slope to 10° does not produce a notable change in the distribution, while in the 45° slope with the  +90° rotation 
case there a reduction in the out-of-field dose. Looking at the same 45° slope, but with a  −90° rotation, there 
an increasing the out-of-field contribution as compared to the 0° simulation. This difference in the 45° slope 
calculations is due to the electrons rotating counter-clockwise, as viewed from the out-of-field scoring panel, 

Figure 4. Surface dose profiles for the exit simulation shown in figure 1 with a 10, 30, and 45° inclines for 0, 0.35, and 1.5 T .

Phys. Med. Biol. 64 (2019) 115029 (10pp)
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which causes more electrons to return to the water phantom surface in the  +90° rotation orientation while more 
electron are able to escape in the  −90° rotation simulation. The majority of the out-field dose is confined to 
about 1.5 cm and 0.5 cm away from the surface of the water phantom for the 0.35 T and 1.5 T magnetic fields, 
respectively.

3.3. Effect of distance on the ESE
Figure 7 presents the surface dose profiles for 30° and 1.5 T magnetic field with the panel positioned at 10, 20, or 
30 cm away from isocenter. The maximum dose values on these profiles are 29.8%, 26.5%, and 24.1% (absolute 
uncertainty of 0.2%) for the 10, 20, and 30 cm positions, respectively. As anticipated, moving the panel further 
away does not produce large variation in the surface dose profiles on the ESE out-of-field dose. Therefore, even if 
the treatment area is farther away from the patient there could be a sufficient number of electrons, which would 
be able to reach the patient and could contribute to skin dose if there are no obstructions along the path of the 
electrons.

In addition to variation of the ESE dose due to the water panel position, because of the inverse square law the 
distance of the entry or exit surface with respect to the source contributes to the magnitude of the ESE. The center 
of the slanted surface in the previous sections is positioned at the isocenter. Clinically, it is more likely that the 
isocenter is positioned at depth within the patient. The 30° simulations are repeated with the slanted phantom 
shifted 5 cm towards or away for the entry or exit simulations, respectively. In this way, the isocenter is within the 
phantom in both simulations. The maximum dose in the water panel, which is moved in unison with the slanted 
phantom, changes by  +6.2% ± 0.4% and  −8.2% ± 0.4% from the not shifted result for the respective shifted 
entry and exit simulations. These changes are comparable to the expected inverse square law effect which would 
predict an approximately  +7.4% and  −6.4% change for the corresponding entry and exit simulations, and the 
differences are likely due to slight variations in photon scatter contributions.

3.4. Varying phantom thickness
The simulations with varying water phantom thickness for the 30° and 1.5 T magnetic field show that the 
maximum values on the surface profiles are 27.8%, 22.2%, and 17.8% (absolute uncertainty of 0.2%) for the 10, 
18, and 26 cm phantom thickness, respectively. The variation in the maximum phantom surface dose is more 
pronounced here than for the panel position variation. This is expected as the exit ESE dose is dependent on the 
percent depth dose value in the water phantom for each of the depths. The 10 cm thickness maximum value is 
lower than the 14 cm thickness value reported above, and this is due to the phantom having to be shifted farther 
away from the beam to accommodate for the extra thickness required and the phase-space scoring plane being 
defined at 129.5 cm.

Figure 6. Surface dose profiles with the water phantom surface sloped by 0° for 0 T, 0.35 T, and 1.5 T, and, for 1.5 T, by 10° and 45° 
for a positive 90° rotation and 45° for a negative 90° rotation along the z-axis.

Phys. Med. Biol. 64 (2019) 115029 (10pp)
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3.5. ESE for a 2 × 2 cm2 field size
In figure 8 the dose profiles for the 0.35 T and 1.5 T magnetic fields with the 10, 30 and 45° inclines with  
a 2 × 2 cm2 incident photon beam are presented. The 1.5 T magnetic field produces a much greater focusing 
effect as compared to the blurred dose distributions of the 0.35 T results. The maximum dose values for the 
0.35 T simulations are 4.0% ± 0.1%, 10.72% ± 0.03%, and 14.78% ± 0.05% for the 10, 30, and 45° simulations, 
respectively. For the 1.5 T, for the same angles, the maximum values are 8.51% ± 0.03%, 20.87% ± 0.06%, and 
25.98% ± 0.08%.

The maximum values of the 1.5 T simulations in figure 8 are larger than the 0.35 T field results. This is due to 
the lateral electron equilibrium, depicted in figure 9 in which the point-of-view of the out-of-field water slab is 
taken in order to demonstrate the curvature of the incoming streaming electrons in the exit phantom simulation. 
The impact of a large, FSL, and small, FSS, field size, as compared to the electron curvature, on the establishment 
of a lateral electron equilibrium is shown. For a sufficiently large field size, electrons which exit the area of inter-
est, AOI, can be compensated by electrons which are generated upstream along the x-axis and curve into the AOI. 
As the field size is reduced, the availability of these compensating electrons is diminished and the same electron 
fluence as in the larger field size cannot be maintained in the AOI. This lateral electron equilibrium in the stream-
ing electron fluence is dependent, aside from the field size, on the radius of curvature and, as such, on the magni-
tude of the magnetic field, electron kinetic energy, and electron’s direction of motion.

4. Conclusion

The results presented here demonstrate that the electron streaming effect (ESE), in which the magnetic field 
focuses backscattered or ejected electron from a phantom to travel along the magnetic field lines, can produce 
doses as high as 39.0% ± 0.2% (45° exit streaming, 0.35 T, 10 × 10 cm2) of the maximum deliverable dose by the 
photon beam in a large water phantom. This effect has direct consequences on out-of-field skin doses and should 
be considered during planning of MRgRT treatments. The effect is highly dependent on the angle of the treatment 
surface with respect to the magnetic field, and certain treatment sites (such as breast) should be approached with 
greater caution in light of this effect. Conversely, treatment volumes for which the patient surface is roughly 
parallel to the magnetic field will see little ESE doses and those inclined towards inconsequential regions will 
have electrons streamed away from the patient and not contribute to out-of-field skin dose. Lower magnetic 
fields produce a more diffuse out-of-field dose distribution, and the magnitude of the maximum ESE dose for 
a given magnetic field depends highly on the photon field size. Further, although the distance away from the 
treatment site does not produce large variation in the ESE doses, the thickness of the treatment region does play 
an important role in the magnitude of the effect. Thicker regions will produce greater attenuation of the photon 
beam, and fewer electrons can be focused by the magnetic field. However, this does mean that thinner or less 
attenuating regions (e.g. thorax) will result in a relative increase in streaming electrons and higher ESE doses.

Figure 7. Exit streaming dose simulations for a 30° incline with a 1.5 T magnetic field and with the surface of the out-of-field water 
panel positioned at 10, 20, and 30 cm distance away from isocenter.
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The calculations presented in this work do not reflect a clinical treatment plan. Most often, multiple beams 
are used in treatments and part of these beam will be directed anterior–posterior. Such beams will contribute 
far less to the ESE dose since only backscattered electrons will participate in the effect. As shown in this work, the 
backscatter ESE contribution in a 1.5 T magnetic field with a 30° inclined surface is within 7% of the maximum 
deliverable dose by the beam. The percentage values quoted in this work are for a single beam and do not directly 
represent a percentage of the prescribed dose. Since the ESE is a predictable effect, having knowledge of the body 
contour and the beam direction, it is possible to anticipate cases in which the out-of-field doses may be an issue.

In cases where the ESE dose cannot be fully mitigated a bolus or some sort of shield would be required. As 
proposed by Park et al (2018) and supported by the simulations in this work, the thickness of the bolus should be 
at least 1 cm to ensure proper shielding from the incoming electrons. Although currently not in development, any 
upgrades to MRgRT system which include higher energy beams would likely need to consider thicker shielding. 
An additional solution may be mounting a more rigid shielding on the RF-coils which are already present at the 
treatment site in MRgRT machines. Such a shielding system would not only be able to block ESE doses but also 
some of the dose contributions from electrons generated in the air (Hackett et al 2018).

Further attention is certainly required into this issue in order to evaluate in which cases shielding should be 
considered. Treatment planning systems (TPS) need to be tested to ensure that they are able to fully describe this 
effect and whether users need to indicate additional regions in which the TPS should perform more detailed 

Figure 8. Exit streaming dose simulations for 10, 30, and 45° inclines with a 0.35 or 1.5 T magnetic field for a 2 cm × 2 cm photon 
beam.

Figure 9. Point of view of the out-of-field water slab (along the negative y -axis) of the exit phantom streaming electrons. Sample 
electron tracks are depicted by the curved arrows. For the larger field size, FSL, electrons exiting the area of interest, AOI, are 
compensated by electrons curving into the region from further up the x-axis. In the case of the smaller field size, FSS, it is not possible 
to set up a lateral electron equilibrium due to unavailability of similar electrons which can curve into the AOI to maintain the 
electron fluence.

Phys. Med. Biol. 64 (2019) 115029 (10pp)
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calculations. The ability to see this effect in the TPS would permit more thorough screening of patients and deter-
mination of the magnitude of the ESE in specific clinical cases.
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