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INTRODUCTION

It is well known that radiation is a

ABSTRACT

Background: To reduce the dose to normal tissues surrounding the treated
breast, a uniform magnetic field was used within a humanoid phantom in
breast radiotherapy. Materials and Methods: Monte Carlo simulations were
performed with GEANT4, irradiating humanoid phantoms in a magnetic field.
To reconstruct phantoms, computed tomography (CT) data slices of four
patients were used for the Monte Carlo simulations. All of them had left
breast cancer either or not mastectomy. In the simulations, the planning and
methods of chest wall irradiation were similar to the actual clinical planning.
Results: Utilizing magnetic field will help to produce uniform dose distribution
to the breast with a sharp dose-volume histogram (DVH) curve for the
planning target volume (PTV), however, for the ipsilateral lung and chest wall
skin the mean dose was reduced by a mean of 16% and 12% at 1.5 T, and 9%
and 7% at 3 T, respectively. The magnetic field was shown to restrict the
lateral spread of secondary electrons to the contralateral organs, resulting in
significient dose reductions to the contralateral breast (CB) and contralateral
chest wall skin (CCWS) by a mean (range) of 28% (21-37%) and 58% (44-75%)
at 1.5 T, and 48% (32-81) and 66% (54-73%) at 3 T, respectively. Conclusion:
The simulations established that the magnetic field can reduce the dose to
the internal and contralateral tissues and increase it to the PTV with sharper
edge DVH curve.

Keywords: ERE, magnetic field, breast, GEANT4.

radiation-induced pneumonitis, cardiac toxicity,
secondary cancers and skin reactions. The
probability of occurring of such effects depends
primarily on the delivered dose and the volume

carcinogen; therefore, it is very importance to
reduce exposure to normal tissues while
maximizing the dose to the targeted area (s). It
is this principle of minimizing unwanted dose
that has prompted many studies in the reduc-
tion of exposure to the internal and contralateral
breast. However, delivering too high a dose will
cause complications to normal tissues including

of the received dose. Boice et al. (1992) () found
a correlation between the amount of dose to the
contralateral breast and the likelihood of a
secondary malignancy formation.

Multiple groups have proposed designs for
reducing the dose to the internal and
contralateral organs; for example, choosing a
radiation technique like breast intensity
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modulated radiothetapy (IMRT), 3-dimensional
conformal radiotherapy (3D-CRT), partial breast
radiotherapy and high-dose rate (HDR)
brachytherapy or using a platform-based breast
shield that minimizes exposure of internal
organs (2-7),

Many studies have proposed designs for
combining a linear accelerator (Linac) or a ¢°Co
tele-therapy unit with a magnetic resonance
imaging (MRI) system for taking the real-time
image guidance along with the treatment (8-19),
Furthermore, other studies have considered the
possibility of using a magnetic field in a variety
of geometries in order to investigate
perturbations on dose distributions to improve
volumetric conformance in radiotherapy (920-23),
The consequences of a magnetic field on
dosimetry have been studied by all of these
groups using analytical, Monte Carlo (MC) and/
or experimental techniques. Largely, the focus
has been on changes to the spatial distribution
of dose resulting from the magnetic field
influence on charged particle transport. They
have established that high magnetic field
strength can have significant perturbations on
dose distributions, such as changes to the
percentage depth dose, tissue interface effects
(electron return effect) and lateral shifts in dose
distributions in the photon beam radiotherapy
(17.24-26), These effects are most noticeable in the
tissue-lung interface where the field passes
through the interface (13.17.25),

The aim of this work was to investigate the
consequences to radiation dose distributions
that occur in different magnetic field strengths
in order to understand any advantages it may
provide in comparison with the zero magnetic
field in breast radiotherapy. Possible advantages
could be uniformed dose to the treated volume
and decreased dose to the internal and
contralateral breast organs.

MATERIALS AND METHODS

Monte Carlo simulations

The MC toolkit GEANT4 (v9.3) has been
used to calculate the dose distribution in a
reconstructed patient-derived phantom in the
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presence of a magnetic field. GEANT4 is a
multipurpose MC code, developed and
maintained by the GEANT4 collaboration (7).

All regular physical processes for medical
applications from the LowEPhysics Processes
package were actuated. The low-energy cut-offs
for different materials used in this work were
considered according to default values which
were defined in GEANT4 (1. The human body
tissues like lung, liver, chest wall, bones were
modeled according to the International
Commission on Radiation Units and
measurements (ICRU) report 46 (32).

For the calculation of the trajectories of
charged particles in a magnetic field, the method
‘ClassicalRK4’ was used (for more information
see GEANT4.9.3 user's guide for application
developers). This code was shown to provide
accurate results for gamma ray dose
distributions in the presence of a magnetic field
(29), The simulations were performed 20 times
with  independently created phase-space
files. From the resulting dose distributions, an
averaged dose profile and a standard deviation
profile were obtained. The chosen number of
particles ensured a statistical uncertainty of 1%,
1 SD (for all voxels with the dose of more than
1% of maximum dose).

Target anatomy and treatment planning
setups

In this work, we have chosen four patients
who had breast cancer with mastectomy and
non-mastectomy cases. Breast treatment plan
setups were tabulated in table 1, and the PTV
and organs at risk (OARs) together with wedges
and treatment beam directions were shown in
figure 1(a). The external surface of patients and
lung contours were defined by automated den-
sity gradient tracking; then, they were edited
and verified by physicians. The PTV was defined
by adding 5 mm to the clinical target volume
(CTV). The contour of the PTV was outlined with
depth of 1.6 mm to the skin surface anteriorly to
evaluate DVHs. To assess the value of skin dose
accurately, another volume including 1.6 mm
surface thickness of the CTV was contoured as
the skin structure.
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Table 1. Treatment plan setups and patient specifications.

Treatment plan Patient # 1 Patient # 2 Patient # 3 Patient # 4
parameters Beam 1 Beam 2 Beam 1 Beam 2 Beam 1 Beam 2 Beam 1 Beam 2
(Medial) | (Lateral) (Medial) (Lateral) (Medial) (Lateral) (Medial) (Lateral)
SSDa (cm) 90.5 90.8 94.6 94.5 92.6 93.3 93.3 93.3
Collimator Width (cm) 9.6 9.6 6.4 6.4 7.6 7.6 9.8 9.8
Collimator Length (cm) 22.0 22.0 22.4 22.4 21.0 21.0 20.6 20.6
Gantry Angle (degree) 305 131 305 128.5 297 121 295 121
Wedge (degree) 30 30 15 15 15 15 15 15
Mastectomy/age/BMIb No/42/32 Yes/59/27 Yes /45/24 No/44/35
LOD. (cm) 1.4 0.7 2.8 1.8

?Source to Surface Distance
®Body Mass Index

¢ Lung Orthogonal Distance: is defined as the maximum breast and lung distance (see figure 1 (a)).
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Figure 1. (a) Target anatomy and structure, OARs, medial and lateral beams, and lung orthogonal distance in patient # 1. (b)
One slice of the reconstructed phantom (patient # 1) along with Linac head simulated in GEANT4.

CT data slices of each patient were used in the
MC code as input data. Dimensions of each voxel
in the reconstructed image of patients in
GEANT4 were 0.8 x 0.8 x 3 mm3. One slice of the
reconstructed phantom (patient # 1) and the
path of the medial beam together with Linac
head setups simulated in GEANT4 were
presented in figure 1(b). In the simulations, the
planning and methods of chest wall irradiation
were similar to the actual clinical planning. The
treatment planning system (TPS) used in this
study is the TiGRT TPS, External Treatment
Planning version 1.0.140.5061.L1.244584
(LinaTech, LLC, Sunnyvale, CA, 94086 ). This TPS
software uses super-position convolution
algorithm to calculate the dose distribution.
Commissioning and verification under
experimental condition are done with TiGRT
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TPS. Plan files, including CT data, were exported
from the TPS and imported into GEANT4 for MC
simulation.

In the simulations, a global magnetic field was
implemented in the x direction (figure 2).
Unidirectional photons with a realistic 6 MV
linear accelerator energy were used as a source
that was previously compared with a real Linac
(Siemens Primus) in the water phantom (30). All
voxels were placed as parameterized volumes on
a background material of air.

Different components of the simulated linear
accelerator (Siemens Primus) for a 6-MV photon
beam were shown in figure 1(b). For each beam,
a phase space was generated below the wedge
and without the presence of any magnetic field.
The assumption implicit in this model was that
the BO field was negligible to this point due to

Int. J. Radiat. Res., Vol. 12 No. 2, April 2014
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Figure 2. Schematic representation of the magnetic field
geometry for the medial and lateral beams, showing relative
positioning of the Linac, magnets and the magnetic field
direction.

the magnetic shielding implicit in the Linac-
magnetic resonance design. The contaminant
electrons were included in the present
phase-space data. Each phase space was then
used as a source in the GEANT4 platform. It
should be noted that, the contaminant electrons
were thus subjected to the magnetic field from
this point on in this model.

In order to verify the Linac head along with
the wedge and treatment plan setups in the
GEANT4 MC code, dose distributions calculated
by the MC simulations were evaluated using
dose distributions calculated by the TPS by
comparing DVHs of the PTV, ipsilateral lung (IL)
and heart volumes.

Two opposed parallel beams described as
being tangential to the chest wall were
implemented. Each beam was simulated
separately and the results were combined and
normalized to 100% at isocenter for the zero
field case. Absolute dose can be obtained by
multiplying all voxel doses by the dose-to
isocenter/100% for the zero field plan. The
nominal prescribed dose was 50 Gy in 25
fractions using 6-MV photons. The calculated
dose was normalized to a relevant point in the
PTV to provide dose homogeneity. The mean
dose of each organ was normalized to mean dose
of PTVatOT.

The mean dose, DVHs and dose-area
histograms (DAHs) obtained for the PTV, heart,
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IL, contralateral lung (CL), ipsilateral chest wall
skin (ICWS), CCWS and CB in humanoid
phantoms were considered for investigating the
effect of the magnetic field on the dose
distribution to the internal and contralateral
organs.

RESULTS AND DISCUSSION

Comparison of the MC and TPS

Comparisons of the DVHs for the MC and TPS
in the case of 6 MV breast patients were shown
in figure 3. The PTV dose calculation evaluations
showed a good comparison with the MC
simulations and TPS. Table 2 demonstrates
mean dose values calculated by the TPS and
GEANT4. Comparisons of the mean dose for the
TPS and GEANT4 showed deviations in the order
of 5% maximum.

Dose distribution to the ipsilateral organs

To illustrate differences in the relative dose
distribution, results of the simulations were
presented for different magnetic fields with
respect to the zero magnetic field in the middle
slice of the central plane for patients in figure 4.
Figure 5 depicts the corresponding difference
maps of figure 4 from the zero magnetic field
case. Dose distributions to the breast and lung
were nearly uniform at 0 T; but, at 1.5 and 3 T,
sharp regions were produced at breast-lung
boundaries (figure 4). This is explained by the
fact that when photon beams irradiate without a
magnetic field, charged particles travel into a
chest wall and this process produces a large
number of electrons in a predominantly forward
direction. Dose deposition arises from these
electrons along their path. In the presence of the
magnetic field, electron trajectories are bent,

Table 2. Mean organ dose calculated by the TPS and MC.

Mean Dose (Gy)

Organ | Patient# 1 | Patient #2 | Patient #3 | Patient # 4
MC | TPS| MC [ TPS | MC | TPS | MC | TPS
PTV 49.4 (50.0]50.5|50.050.0|50.0| 50.0 |50.0

IL 74 | 75|37 |38|78]|82] 34 |35
Heart 28 | 2712827 |60]|57]| 14 |13
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describing a helical path. In the chest wall, the
mean free path length is short in comparison to
the spiral radius. However, as soon as the
electrons leave the chest wall and enter into the
low-density media, like lung, their length of
mean free path gets longer compared to their
helical radius. Therefore, the helical path can be
followed by small interaction and the electron
will re-enter the chest wall. This will happen
regardless of the exit angle of the electrons.
Therefore effectively all electrons return into the
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Figure 3. DVHs of the PTV, IL and heart for comparison of the
TPS and MC calculated dose distributions in the 6MV breast
case for (a) patient # 1, (b) patient # 2, (c) patient # 3 and (d)

patient # 4.
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chest wall. This phenomenon is called the
electron return effect (ERE) (25), which causes
dose reduction in low-density media close to the
dense ones.

Figure 4. Energy deposition in the middle slice of the
central plane of patients for different magnetic fields; (a, b
and c) patient #1, (d, e and f) patient #2, (g, h and i) patient

#3 and (j, k and 1) patient #4.
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Figure 5. Relative dose differences in the middle slice
of the central plane at 1.5 and 3.0 T from the zero
magnetic field case for (a and b) patient # 1, (c and d)
patient # 2, (e and f) patient # 3 and (g and h) patient #
4. Solid white arrows indicate dose reduction in the
lung. Dashed black arrows indicate hot spot in the
breast. The net effect of the Lorentz force acting on the
electrons shifts the dose outside of the patient’s body
to the right. Dashed white arrows show dose reduction
in the air above the contralateral breast. Solid black
arrows indicate the hot spot produced in the lung.
Dotted black arrows show dose reduction above the
ipsilateral breast.
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It is important to note that low density
tissues, like lung, were shown to lead to regions
of dose decrease in the presence of a
conventional magnetic field due to electrons
returning to more dense tissues (16.17.2528,29),

Different maps were drawn to show changes
on the dose distribution due to the presence of
the magnetic field. At 1.5 and 3 T, hot spot could
be observed in the breast, which were indicated
by dashed black arrows in the figure, and hot
and cold spots in the lung that were indicated
by solid black and white arrows, respectively.

In regions near the breast-lung boundaries,
the dose was reduced at 1.5 and 3 T with
respect to the without magnetic field case,
because high-energy charged particles that
were scattered from the breast into the lung had
a large enough gyration radius for curving back
into the breast.

Low-energy charged particles originated far
from the breast-lung boundaries in the lung
have small gyration radius; therefore, they
release their energy in the lung. Furthermore,
there are numerous scattered photons on which
the magnetic field did not have any influence.
Accordingly, the effect of magnetic field reduces
in the deeper regions in the lung and the rate of
dose reduction decreases to these areas of the
lung with respect to regions close to the breast-
lung boundaries in the lung (figure 5).

The same scenario takes place at the breast-
air boundaries at the entrance of the medial
tangent field that causes charge particles curve
back into the breast from the air and breast-air
boundaries (chest wall skin). Due to the ERE
effect, the chest wall skin dose will be reduced
(with dotted black arrows shown in figure 5).

For the treatment planning with two
opposing beams for the breast, DVHs for the
PTV, heart, IL and DAHs for ICWS for different
magnetic fields were plotted in figure 6.

As a general trend, the high-dose area of the
DVH was seen to be shifted to the right for 1.5
and 3 T with sharp drop of the curve, which was
due to the ERE, increasing of the dose to
volumes of the breast near the breast-air and
breast-lung inside the PTV.

In the IL, figure 6 shows only small changes
in the DVHs at 1.5 and 3 T. V20 (where 20 was
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expressed as the percentage of the
prescription dose) remains reasonably constant.
From figure 5, there are obvious changes on the
dose distribution within the lung. As the ERE
occurs in the breast-lung boundaries, there is
highest dose reduction in these areas, in
contrast, in regions not close to the breast-lung
boundaries, the effect of the magnetic field is
reduced and makes some sub-regions hotter.

The ICWS showed good changes in the DAH
across the range of the investigated magnetic
field strengths. In DVHs of the heart, there is not
any significant difference for all patients, but in
patient # 3 due to the increase of the dose for
the PTV, after re-normalization, noticeable
mean dose reduction can be seen (figure 7).

Utilizing magnetic field will help to produce
uniform dose distribution to the breast with a
sharp DVHs curve for the PTV, however, for the
ipsilateral lung and chest wall skin the mean
dose was reduced by a mean of 16% and 12%
at 1.5 T, and 9% and 7% at 3 T, respectively,
depending on different patients and various
treatment plan setups.

Tl

Two groups studied the effect of the
magnetic field on dose distribution in a
humanoid phantom in the presence of the strong
magnetic field by use of IMRT technique with the
help of the Monte Carlo code.

The first group 29 investigated the magnetic
field effects on dose distribution in the prostate,
larynx and oropharynx tissues. They concluded
that the presence of a 1.5 T magnetic field does
not compromise the ability to achieve the
prescribed dose distributions with IMRT.

Other group (617  investigated lung
dosimetry in a linac-MRI radiotherapy unit with
a longitudinal magnetic field. The longitudinal
configuration exhibited a significant decrease in
tissue interface effects and demonstrated an in-
crease in the dose to the PTV as a function of in-
creased magnetic field. The same results were
found in our cases with an increase in dose to
the PTV.

The CB received a small mean dose giving by
a mean (range) of 36 cGy (23-51 cGy) at 0 T.
After applying magnetic field of 1.5 and 3 T, the
mean dose of CB was reduced by a mean (range)
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Figure 6. Comparison of the breast treatment plan DVHs and DAHs between B =0, 1.5 and 3 T in patient #1 (a), patient # 2 (b),
patient # 3 (c) and patient #4 (d). Note that, those volumes within the radiation field are considered for the ICWS DAHs.
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of 28% (21-37%) and 48% (32-
81%),respectively. There was the same dose
reduction to the CCWS by a mean (range) of
58% (44- 75%) and 66% (54-73%) at 1.5 and
3 T. This is explained by the fact that the
magnetic field is shown to restrict the lateral
spread of secondary electrons to the
contralateral organs, resulting in significant
dose reductions to the CB and CCWS.

Dose distribution to the contralateral organs

It may be assumed that, at the tissue-lung
interface and on the chest wall skin to the
contralateral, the ERE increases the dose of
surrounding tissues; but, the net effect of the
Lorentz force acting on the electrons shifts the
dose far from the CB (as indicated by dashed
white arrow in figure 5).

Mean dose of the CB and internal organs was
tabulated in table 3 for the zero magnetic field
case. For external beam radiotherapy, the
physical wedge compensation technique yielded
the largest dose to the neighboring solid organs,
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Figure 7. Relative mean organ dose variations in all patients
at 1.5 T (a) and 3 T (b) with respect to the zero field case.
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Table 3. Mean organ dose of the patients for the zero
magnetic field case.

Mean dose at 0 T (cGy)
Organs Patient # 1 | Patient # 2 | Patient # 3 | Patient # 4
CCWS 408 249 166 84
CcB 51 33 23 37
CL 18 10 16 11
IL 739 366 786 344
Heart 282 279 605 139

like the IL or the heart. Figure 7 compared the
relative mean dose with the selected organs for
different magnetic fields with respect to no
magnetic field case.

The CB received a small mean dose giving by
a mean (range) of 36 cGy (23-51 cGy) at 0 T.
After applying magnetic field of 1.5 and 3 T, the
mean dose of CB was reduced by a mean (range)
of 28% (21-37%) and 48% (32-81%),
respectively. There was the same dose reduction
to the CCWS by a mean (range) of 58% (44-
75%) and 66% (54-73%) at 1.5 and 3 T. This is
explained by the fact that the magnetic field is
shown to restrict the lateral spread of secondary
electrons to the contralateral organs, resulting in
significient dose reductions to the CB and CCWS.

Although radiation-induced pneumonitis is
considered a trivial issue in most cases of breast
radiotherapy, it can be problematic in some
patients with unfavorable anatomy and an
inadequate radiation technique 33.34), As
radiotherapy techniques have improved, the
risks of radiation-induced pneumonitis and
cardiac complication have declined.

Separate excess relative risks (ERRs) have
been reported in patients treated with
radiotherapy % for breast cancers. Boice M
found a correlation between the amount of dose
to the CB and the likelihood of a secondary
malignancy forming. Dasu's competition model
projected a continuously increasing risk with
dose up to approximately 4-5 Gy followed by a
reduced risk in the CB (¢). However, using the
magnetic field in standard breast radiotherapy
for patients with different anatomies and
considering the mean dose reduction shown in
figure 7, one could clearly conclude the
reduction of these complications.
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CONCLUSIONS

Magnetic field strengths of 1.5 and 3 T were
applied in the x direction in the thorax area in
which the breast and lung underwent the
photon irradiation. The simulations established
that the magnetic field can reduce the dose to
the internal and contralateral tissues and
increase it to the PTV with sharper edge DVH
curve. In the all patients, there was noticeable
dose reduction to the ICWS, across the range of
magnetic field strengths investigated. Therefore,
this technique could be more feasible for
patients whose skins are not considered a
target.
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