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Abstract
Integrating magnetic resonance imaging (MRI) functionality with a
radiotherapy accelerator can facilitate on-line, soft-tissue based, position
verification. A technical feasibility study, in collaboration with Elekta
Oncology Systems and Philips Medical Systems, led to the preliminary design
specifications of a MRI accelerator. Basically the design is a 6 MV accelerator
rotating around a 1.5 T MRI system. Several technical issues and the clinical
rational are currently under investigation. The aim of this paper is to determine
the impact of the transverse 1.5 T magnetic field on the dose deposition.
Monte Carlo simulations were used to calculate the dose deposition kernel
in the presence of 1.5 T. This kernel in turn was used to determine the dose
deposition for larger fields. Also simulations and measurements were done in
the presence of 1.1 T. The pencil beam dose deposition is asymmetric. For
larger fields the asymmetry persists but decreases. For the latter the distance to
dose maximum is reduced by approximately 5 mm, the penumbra is increased
by approximately 1 mm, and the 50% isodose line is shifted approximately
1 mm. The dose deposition in the presence of 1.5 T is affected, but the effect
can be taken into account in a conventional treatment planning procedure. The
impact of the altered dose deposition for clinical IMRT treatments is the topic
of further research.
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1. Introduction

In clinical practice, position uncertainty is dealt with by applying margins around the volume
to be irradiated (International Commission on Radiation Units and Measurements (ICRU)
1999, Van Herk et al 2000, Stroom and Heijmen 2002). The goal of position verification
is decreasing these margins, which in turn can lead to sparing of organs at risk and dose
escalation. Finally this can converge to full-image-guided radiotherapy (Ling et al 2000).
Various techniques are currently under investigation or already in clinical use to improve the
position verification. For instance, transmission images of the MV-treatment beam are used
and although these yield poor soft-tissue contrast they are still very suitable for positioning
using the bony structure (Gilhuijs et al 1996) or implanted fiducial markers (Nederveen et al
2001). The contrast can be increased by using additional diagnostic x-ray tubes; this can be
done two dimensionally, i.e. taking a single transmission image (Drake et al 2000), or three
dimensionally by using multiple x-ray tubes and cameras (Shirato et al 2000).

Alternatives include the use of pre-treatment ultrasound imaging (Serago et al 2002), the
integration of (cone-beam) CT functionality with the accelerator (Jaffray et al 2002) or the
tomotherapy system (Mackie et al 1993, Ruchala et al 1999). The CT options yield great
detail on the bony structure or implanted markers, but x-ray based soft-tissue contrast is
inherently limited (Groh et al 2002).

The full-image-guided radiotherapy we aim for includes on-line, soft-tissue based,
position verification by integrating magnetic resonance imaging (MRI) functionality with
a radiotherapy accelerator (Lagendijk et al 2002, Raaymakers et al 2004). This enables
direct visualization of the tumour and the surrounding structures, ultimately allowing on-
line optimization of the treatment plan.

In our department we have conducted a study into the technical feasibility of such an
integrated system. An artistic impression of what the system can look like is shown in figure 1.
Basically the design is a conventional 1.5 T MRI system with a small, single energy (6 MV)
accelerator rotating around it. In collaboration with Philips Medical Systems, Hamburg,
Germany, it was found that the active magnetic shielding system of a standard system can
be modified in order to magnetically decouple the accelerator and the MRI system. This
requires no compromise to the magnetic field homogeneity and no additional construction
complexity. The consequence of this design is the beam transmission through the MRI
system. Transmission through the MRI system results in beam attenuation, scatter and field
heterogeneity. Also in collaboration with Philips Medical Systems, the creation of radiation
portals in the MRI system was investigated, i.e. minimizing the amount of material in the
beam’s eye view. Preliminary investigations show that the beam quality after transmission
is acceptable. Most important was the conclusion that the integration is technically
feasible.

The focus of this paper is another technical topic: the dose deposition in a 1.5 T magnetic
field. Obviously the 6 MV photon beam travels unhampered in a magnetic field, however,
the actual dose deposition in tissue is the result of an avalanche of secondary electrons (Khan
1994). The trajectory of these electrons is affected by the presence of a magnetic field
and can be calculated using Monte Carlo simulations (Jette 2000a). The induced curvature
depends on the electron energy and the magnetic field strength. Actually, given three-
dimensionally controlled, high strength magnetic fields, this effect can be used to modify
and optimize electron or photon beam dose distributions (Bielajew 1993, Nardi and Barnea
1999, Reiffel et al 2000, Jette 2000b).

The aim of this study is to investigate the impact of a 1.5 T magnetic field on the dose
deposition for the specific case of our proposed integrated MRI accelerator, i.e. an axial 1.5 T
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Figure 1. Artistic impression of an integrated MRI accelerator.

magnetic field perpendicular to the 6 MV photon beam. The aim is to determine the impact
and significance of the magnetic field on the dose deposition.

Monte Carlo simulations will be used to determine the dose deposition kernel with
and without the presence of a 1.5 T magnetic field. Also the impact on larger radiation
fields, 1 × 1 and 5 × 5 cm2, will be studied. For this study the freely available
(http://geant4.web.cern.ch/geant4/) GEANT4 (Agostinelli et al 2003) Monte Carlo code was
used, a package to simulate the passage of particles through matter. Arbitrary geometries
and EM fields can be included, and a large set of particles comes with it. The package offers
physics processes ranging from 250 eV up to 1 TeV. It is developed by the CERN, Switzerland,
within an international collaboration of over 100 scientists and was initially developed for high
energy physics applications. There is a low energy extension, which is validated specifically
for medical physics purposes (Carrier et al 2004). Simple geometries were simulated for both
photon and electron irradiation and compared with codes widely used in medical physics,
i.e. MCNP (Briesmeister 1997), EGS4 (Nelson et al 1985) and EGSnrc (Kawrakow 2000).
The mutual differences for heterogeneous media were smaller than 5% and the difference
with measurements was smaller than 4%. The literature on experimental validation with the
incorporation of a magnetic field has only been reported for EGS4 and did not show fair
correspondence between calculation and experiment (Litzenberg et al 2001). While it is not
the goal of this paper to validate the inclusion of magnetic fields in Monte Carlo calculations,
we included experimental data for this specific set-up.

2. Methods

2.1. Monte Carlo simulations of the dose deposition kernel in a 1.5 T field

The GEANT4 Monte Carlo code was used to characterize the dose deposition kernel of a
6 MV photon pencil beam in a 1.5 T magnetic field. The realistic energy spectrum of the 6 MV
photon beam of our clinical accelerator, Elekta SLi 20, was used (Van der Zee and Welleweerd
1999). The energy spectrum was determined using BEAM (Rogers et al 1995), an extension
on the EGS4 code (Nelson et al 1985) to facilitate the modelling of radiotherapy treatment
units.

Geometrically, a photon pencil beam incidents the water phantom perpendicularly at the
Y = 0 plane; at this plane also the half-space with the magnetic field of 1.5 T starts, see also
figure 2. The magnetic field is directed along the Z-axis, so the expected asymmetry is in the
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Figure 2. Schematic drawing of the set-up as used in the Monte Carlo simulations.

direction of the X-axis. The scoring region was 5 × 5 cm2 for the XZ plane and 10 cm along
the Y-axis, i.e. 10 cm is the maximal depth. The scoring voxels are 1 × 1 × 1 mm3.

The pencil beam dose deposition was calculated using 10 million events. By convolving
the pencil beam dose deposition (with and without the presence of a magnetic field) with an
arbitrary field shape, the dose distribution of larger radiation fields can be determined for a
homogeneous phantom. This is done for both a 1 × 1 and a 5 × 5 cm2 field and for both 1.5
and 1.1 T. For the pencil beam in a 1.1 T magnetic field, the volume of the magnetic field
is limited to 4 cm long (that is along the Y-axis), 2 cm in the Z direction, and 3 cm in the
X direction; this is in correspondence with the volume available for measurements, see also
section 2.2.

Note that this way of determining the dose deposition for finite field sizes will not lead
to perfect quantitative correspondence between measurements and simulations. When using
the convolution with the pencil beam kernel, the penumbra will be determined merely by the
phantom scatter and the magnetic field; it neglects the impact of diaphragm blocks, divergence
of the beam, finite source size and beam contamination. It is beyond the scope of this
paper to incorporate these detailed specifications of the measurement set-up in the Monte
Carlo simulations. We are mainly interested in the impact of the magnetic field on the dose
deposition, which can still be investigated since the correct energy spectrum is used.

2.2. Measuring the dose distribution of a 1 × 1 cm2 field in a 1.1 T field

The dose distribution of a 1×1 cm2 field in the presence of a 1.1 T magnetic field was measured
using film dosimetry, with ready pack EDR2 films, Eastman Kodak Company, Rochester, NY,
USA. The set-up was similar to the simulations for the pencil beam kernel as shown in figure 2.
The magnetic field was produced by a bending magnet taken from an old Elekta SL75/20
accelerator, from which the pole shoes were adapted. The rectangular volume between the
magnetic poles was 4 cm long (that is along the Y-axis), 2 cm in the Z direction and 3 cm in
the X direction.

A split, water equivalent phantom was used with the film positioned in the middle of the
phantom, tightly filling the space between the pole shoes. The film was positioned in the XY

plane and irradiation was done with the incident beam tilted 2◦ along the X-axis. The latter is
done to prevent over response of the film (Suchowerska et al 2001). Using this set-up both the
depth–dose curve and the penumbra in the X direction were measured, both with and without
the presence of the magnetic field.
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Figure 3. Monte Carlo simulations showing the central axis dose curve and the 80–20 penumbra
for the pencil beam with and without the presence of 1.5 T. The solid lines show the 0 T case and
the dashed lines the 1.5 T case. (a) Depth–dose curve. (b) 80–20 penumbra as a function of the
depth. The penumbra on the left-hand side is in thin lines, the right-hand side in thick lines. The
lines for the 0 T case are overlapping.

3. Results

3.1. Monte Carlo simulations of the dose deposition kernel in a 1.5 T field

In figure 3, the impact of the 1.5 T field on the pencil beam dose deposition kernel is shown.
Figure 3(a) shows the dose–curve along the central axis of the pencil beam. One cannot speak
of the build-up distance for a pencil beam since there is no lateral electron equilibrium. Still
from figure 3(a) the difference due to the 1.5 T is quantified and found to be 3 mm. That is, it
requires a 3 mm shift in the depth of the 1.5 T profile to match the part of the profile beyond
maximum dose with the corresponding part of the 0 T case.

The main difference due to the magnetic field is expected as an asymmetry of the dose
deposition in the lateral (X) direction. This is shown in figure 3(b) where the 80–20 penumbra
in the X direction at both sides of the dose deposition is shown as a function of depth. After
a few mm already a clear distinction between the situation with and without magnetic field is
visible. Without the magnetic field, the penumbra is approximately 0.7 mm and (obviously)
the penumbra at both sides of the dose deposition is equal (lines for left-hand side (−X

direction), and right-hand side (+X direction) penumbra are overlapping). With a magnetic
field present this is no longer true; the penumbra is either slightly smaller, 0.6 mm or larger,
1 mm.

3.2. Dose distributions of 1 × 1 and 5 × 5 cm2 fields in the presence of a 1.5 T field

The pencil beam kernel as shown in section 3.1 is used to determine the dose distribution of
1 × 1 and 5 × 5 cm2 fields in the presence of a 1.5 T field. Figure 4(a) shows the central dose
profiles in the X direction at 5 cm depth. The asymmetry caused by the magnetic field can
be seen clearly. The width at 50% for the 5 × 5 cm2 field is unaffected by the magnetic field.
However the entire field is shifted approximately 0.7 mm; this is true for all depths beyond
maximum dose (not presented here) and this is also found for the 1 × 1 cm2 field.

Figure 4(b) shows the impact on the depth–dose curve for the 1 × 1 and the 5 × 5 cm2

field. The build-up distance decreases for the 1 × 1 and 5 × 5 cm2 field with approximately
5 mm due to the 1.5 T magnetic field. This means a shift in the depth of 5 mm causes the
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Figure 4. Calculated central dose profiles in the X direction at 5 cm depth and the central axis
depth–dose curves for 1 × 1 (solid lines) and 5 × 5 cm2 fields (dashed lines). Both with (thick
lines) and without (thin lines) the presence of 1.5 T. (a) Lateral dose profiles at 5 cm depth.
(b) Depth–dose curves.
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Figure 5. The 80–20 penumbra as a function of the depth for both a 1 × 1 and a 5 × 5 cm2 field
with and without the presence of 1.5 T. The solid lines show the 0 T case and the dashed lines the
1.5 T case. The penumbra on the left-hand side is in thin lines, the right-hand side in thick lines.
(a) 1 × 1 cm2 field. The lines for the 0 T case are virtually overlapping. (b) 5 × 5 cm2 field. Both
the lines for the 0 and the 1.5 T case are overlapping.

profiles to coincide for the part beyond the maximum dose. While figure 4(a) shows very
smooth graphs, figure 4(b) shows some noise due to the statistical nature of Monte Carlo
modelling. This is because a pencil beam kernel is used in the convolution, the longitudinal
direction, i.e. the resulting depth–dose curves, reflects this noise of the pencil beam kernel.
In the plane perpendicular to the pencil beam, the convolution intrinsically blurs the noise,
yielding smooth profiles as shown in figure 4(a).

In figure 5 the 80–20 penumbra of both fields is shown as a function of the depth. For both
cases the penumbra increases by the presence of the magnetic field. For the 1 × 1 cm2 field
the lateral electron equilibrium is not fully reached anywhere in the field and the penumbra is
asymmetric, although not as severe as for the pencil beam dose deposition. For the 5 × 5 cm2

field, full lateral electron equilibrium exists in the central part of the field and the penumbra
is perfectly symmetric, the lines for the left-hand side and the right-hand side penumbra are
coinciding. Nevertheless the dose distribution is asymmetric as can be seen in figure 4(a).
This will be discussed in section 4.1.
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Figure 6. Film measurements and Monte Carlo simulations showing the depth–dose curve and
the 80–20 penumbra for the 1 × 1 cm2 field with and without the presence of 1.1 T. (a) Simulated
(solid lines) and measured (dashed lines) depth–dose curves, both with (thick lines) and without
(thin lines) 1.1 T. (b) Measured 80–20 penumbra as a function of the depth. The penumbra on the
left-hand side is in thin lines, the right-hand side in thick lines. The solid lines show the 0 T case,
the dashed lines the 1.1 T case. (c) Monte Carlo 80–20 penumbra as a function of the depth. The
penumbra on the left-hand side is in thin lines, the right-hand side in thick lines. The solid lines
show the 0 T case, the dashed lines the 1.1 T case.

3.3. Measured dose deposition of a 1 × 1 cm2 field in the presence of a 1.1 T magnetic field

Figure 6 shows the measured and calculated depth–dose curves as well as the 80–20 penumbra
as a function of depth for a 1 × 1 cm2 field, both with and without the presence of 1.1 T. The
measured depth–dose curve (figure 6(a)) is unreliable for very shallow depths (first few mm)
whereas the maximum dose could be determined more precisely. Therefore the measurements
and simulations, both with and without 1.1 T are plotted such that the part beyond maximum
dose is coinciding. The required shift of the profiles is then a measure for the decrease in
build up. For the simulations a shift (i.e. a decrease of build up) of 3 mm was found. For the
measurements a shift between 2 and 3 mm was found.

The 80–20 penumbra, as presented in figures 6(b) and 6(c), clearly increases in the
presence of the magnetic field. Both the measurements and the simulations show an increase for
the 80–20 penumbra of approximately 1 mm. The asymmetry between left-hand and right-hand
side penumbra as visible in figure 6(c) cannot be judged from the measurements in figure 6(b).

For the simulations a shift of approximately 0.4–0.5 mm of the 50% isodose line was
found (not presented here), this measure could not be determined for the experimental set-up
because the films were not positioned according to the beam axis in an absolute way.
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4. Discussion

4.1. Dose deposition in 1.5 T

The pencil beam dose deposition kernel is clearly asymmetric in the direction perpendicular
to the 1.5 T magnetic field, as seen in figure 3. For larger fields the asymmetry induced by
the magnetic field decreases, as shown for the 1 × 1 cm2 field in figures 4(a) and 5(a). As
soon as lateral electron equilibrium in the central part of the field exists, as is the case for the
5 × 5 cm2 field, the asymmetry in the penumbra disappears (figure 5(b)), whereas the dose
distribution remains asymmetric as can be seen in figure 4(a). For this case the penumbra
increases approximately 1 mm by the presence of 1.5 T.

It seems counter intuitive that the 80–20 penumbra becomes symmetric whereas a dose
profile is clearly asymmetric. Still this is straightforward with the convolution method in
mind. Basically, taking the convolution is placing a number of pencil beam kernels side to
side, filling up the required field size, given a certain normalization and a finite kernel size.
Figure 7 shows a diagram in which this is illustrated for an example in one-dimension. The
left-hand slope is determined by the integral of the kernel. The maximum is determined by
the integration of the entire kernel along the given profile. The right-hand slope is determined
according to the same integral, only starting at the other side. This yields the same, albeit
mirrored, slope and therefore the 80–20 penumbra, as this is a relative measure within this
slope, will be the same for both sides. Note that the maximum is only reached if the profile
is wide enough to integrate all values of the kernel for this profile, i.e. for our situation, that
there is a lateral electron equilibrium.

Despite the asymmetric dose deposition the abutment of fields is not affected. Adding a
number of pencil beam kernels (i.e. taking the convolution) to obtain a 5 × 5 cm2 field does
yield a flat field as shown in figure 4(a).

Besides the increased penumbra, the 1.5 T magnetic field causes a shift of approximately
0.7 mm of the 50% isodose line. Also the impact on the build-up distance becomes noticeable.
The latter decreases by approximately 5 mm, as seen in figure 4.

4.2. Dose deposition in 1.1 T

The measurements were limited to a 1×1 cm2 field and to 1.1 T magnetic field. As mentioned in
section 2.1 the Monte Carlo simulations are neglecting various elements of the measurements;
however, they do use the correct photon energy spectrum. The effect of the magnetic field is
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determined by the energy of the (secondary) electrons, so by the photon energy spectrum and
the magnetic field strength. These are the two quantities that are taken into account correctly
and therefore the magnitude of the impact of the magnetic field can be compared between
measurements and simulations. They are shown to be in agreement.

The behaviour of the dose deposition in 1.1 T is very similar to that in 1.5 T. The difference
is that the increase in penumbra and the shift of the 50% isodose line are both slightly smaller,
the difference between the depth–dose curves of 1.1 and 1.5 T is too small to be evaluated.

5. Conclusion

For this specific configuration, the magnitude of the impact of the magnetic field as measured
in 1.1 T was found to be in agreement with the corresponding Monte Carlo simulations.

For radiation fields where the lateral electron equilibrium exists, the impact of the 1.5 T
magnetic field on the dose deposition by a 6 MV photon beam can be summarized as follows:
a decrease of the build-up distance by 5 mm, a symmetric increase in the penumbra in the
direction perpendicular to the magnetic field by 1 mm and in the same direction a shift of the
entire radiation field by approximately 0.7 mm. For fields too small to have lateral electron
equilibrium in the central part of the field, the penumbra in the direction perpendicular to the
magnetic field becomes asymmetric.

Abutting radiation fields in the presence of a magnetic field does not yield problems. For
treatment planning, the increased penumbra and reduced build-up distance can be incorporated
in a conventional manner. The induced 0.7 mm shift of the isodose line in the direction
perpendicular to the magnetic field requires the inclusion of asymmetric and direction-
dependent dose profiles.

In conclusion, the impact on the dose deposition for our specific configuration of a 6 MV
photon beam in a transverse 1.5 T magnetic field can be taken into account in a conventional
treatment planning procedure, with special attention being paid to the direction-dependent
dose shift of 0.7 mm.

For single fields, the overall impact of the magnetic field is small. For instance the shift
of 0.7 mm can easily be dismissed. However for IMRT treatments, when abutting segments
from different gantry positions, under- or over-dosage can occur. The impact of the altered
dose deposition for clinical IMRT treatments is the topic of further research.
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