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The aim of this study is to investigate the effect of low magnetic field on dose distribution in the partial-breast
irradiation (PBI). Eleven patients with an invasive early-stage breast carcinoma were treated prospectively with
PBI using 38.5 Gy delivered in 10 fractions using the ViewRay™ system. For each of the treatment plans, dose
distribution was calculated with magnetic field and without magnetic field, and the difference between dose and
volume for each organ were evaluated. For planning target volume (PTV), the analysis included the point minimum
(Dmin), maximum, mean dose (Dmean) and volume receiving at least 90% (Voox), 95% (Voss) and 107% (Vio7%)
of the prescribed dose, respectively. For organs at risk (OARs), the ipsilateral lung was analyzed with Dmean and
the volume receiving 20 Gy (Voo @), and the contralateral lung was analyzed with only Dmean. The heart was
analyzed with Dmean, Dmax, and Vzo gy, and both inner and outer shells were analyzed with the point Drmin, Dmax
and Drmean, respectively. For PTV, the effect of low magnetic field on dose distribution showed a difference of
up to 2% for volume change and 4 Gy for dose. In OARs analysis, the significant effect of the magnetic field
was not observed. Despite small deviation values, the average difference of mean dose values showed significant
difference (p<0.001), but there was no difference of point minimum dose values in both sehll structures. The
largest deviation for the average difference of Dmax in the outer shell structure was 5.0+10.5 Gy (p=0.148). The
effect of low magnetic field of 0.35 T on dose deposition by a Co-60 beam was not significantly observed within
the body for PBI IMRT plans. The dose deposition was only appreciable outside the body, where a dose build-up
due to contaminated electrons generated in the treatment head and scattered electrons formed near the body
surface.
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Partial breast irradiation (PBI) is a radiation treatment for
selected patients with early-stage breast cancer which the por-
tion of the breast at the highest risk of recurrence (the lumpec-
tomy cavity plus a limited amount of surrounding tissues)."”
Several distinct treatment techniques have been used to deliver
this therapy, including multicatheter interstitial brachytherapy,
single-entry intracavitary brachytherapy catheters, intraoperative
techniques (x-rays and electrons), and external radiation with

photons andfor protons.”” Each modality has been reported ad-
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vantages and disadvantages, depending on the patient’s anat-
omy and preference, as well as the resources available at a
particular radiation oncology facility.”®” External beam radia-
tion therapy (EBRT), which can be delivered noninvasively, is
most common type to deliver PBI using the standard linear ac-
celerator (linac) found in all radiation oncology facilities.
Many studies have shown the long- and short-term effective-
ness of EBRT."*"” Recently, a commercial MR-IGRT system
(ViewRay®, ViewRay Inc., Cleveland, OH, USA) has been
implemented in the clinic as a EBRT machine. The ViewRay®
system consists of an on-board MR imaging system with 0.35
T low magnetic field and a radiation therapy system with tri
Co-60 sources.'” The application of the magnetic field to a
volume undergoing irradiation by a photon beam can produce
localized regions of dose enhancement and dose reduction. The
consequences of these changes on dose distribution for radio-
therapy treatment with a magnetic field have been studied by
many groups using analytical, simulation 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. The high magnetic
field strength can have significant perturbations on dose dis-
tributions, such as changes to the percentage depth dose, tissue
interface effects and lateral shifts in dose distributions in the
photon beam radiotherapy.””"” The aim of this work was to
investigate the consequences to radiation dose distributions that
occur in low magnetic field strengths of 0.35 T in comparison
with the zero magnetic field in PBI intensity modulated radia-

tion therapy (IMRT) plans.

Materials and Methods
1. Patient selection and treatment planning setup

Eleven patients with invasive early-stage breast carcinoma
have been treated at Seoul National University Hospital
(SNUH) with PBI using the VieWRay® system from October,
2015. All eligible patients had Stage I~II breast cancer and
were treated with static IMRT techniques using 38.5 Gy deliv-
ered in 10 fractions. The planning target volume (PTV) con-
sists of the gross tumor volume (GTV) corresponding to the
Iumpectomy cavity plus a 1.0~2.0 cm margin. The size of the
PTV is 99.5t41.5 cm’ (41.5~204.99 cm’). Several organs at
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risk (OAR) were contoured: heart, contralateral and ipsilateral
lungs. Especially, two shell structures were generated to inves-
tigate the effect of low magnetic field on dose distribution
near the body outline of the patients. One was the inner shell
of 0.3 cm thickness inside the body surface. The other was the
outer shell of 0.3 cm thickness outside the body surface. The
ViewRay® system has a total of three Co-60 sources, dose
rate is 550 c¢Gy/min, spaced a fixed 120° apart. The 60 mul-
ti-leaf collimators (MLCs) (two opposing banks of 30), a dou-
ble-focused MLC to minimize the penumbra, are 1.05 cm wide
at isocenter of 105 cm (covering a square field of 27.3x27.3
cm’). The VieWRay® treatment planning system was used to
make IMRT plans for PBI. A plan was created with 3~7
groups for a total of 6~ 15 multiple directional beams depend-
ing on the target location and size. The ViewRay® treatment
planning system provides its own novel optimization algorithm
and a full Monte Carlo (MC)-based algorithm for dose cal-
culation. In this study, the IMRT efficiency, which optimizes a
relatively smoother fluence map, was set at the value of 1.0.
The IMRT level, which discretizes each fluence map into de-
liverable beam-on segments, was set at the value of 3.0. The
resolution of dose grid was set at the default value of 0.3 cm.
Each of the treatment plans were applied with both options for
dose calculation with magnetic field and without magnetic
field MC algorithms.

2. Dose volume analysis

The effect of low magnetic field on dose distribution was
investigated through dose volume histogram (DVH). For PTV,
the analysis included the point minimum (Dmin), maximum,
mean dose (Dmean) and volume receiving at least 90% (Voox),
95% (Vos%) and 107% (Vior%) of the prescribed dose, respec-
tively. For OARs, the ipsilateral lung was analyzed with
Dmean and the volume receiving 20 Gy (Vo ay), and the con-
tralateral lung was analyzed with only Dpew. The heart was
analyzed with Dimean, Dmax, and Vao gy, and both inner and out-
er shells were analyzed with the point Dmin, Dmax, and Diean,
respectively. Average DVHs were analyzed from the DVHs of
each patient to obtain average values at each dose and volume
levels. The difference of dose or volume in the DVH analysis

was calculated as follows.
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Difference=the value with magnetic field —the value without

magnetic field

T-test with 95% confidence was used to assess the statistical
significance of the difference between the values with mag-

netic field and without magnetic field.

Results

The comparison of dose distributions for the case of PBI
patient with magnetic field and without magnetic field was
shown in Fig. 1. The magnetic field was applied when the
dose distribution was calculated with the magnetic field. To
investigate differences in the relative dose distribution, results
of the dose volume analysis were described for different

structures.
1. Dose distribution change in PTV

The PTV dose calculations were compared with low mag-
netic field and zero magnetic field. The average difference of
mean dose values was 0.1£0.1 Gy (p=0.003). For the point

dose analysis, the average differences of Dmin and Dmax Were

1.7£1.8 Gy (p=0.011) and 1.0+0.3 Gy (p=0.351), respecrtively.
The average difference of volumes, Voog, Vosg, and Vigrg, was
less than 1%. The positive value of the difference means that
the dose in PTV increases with low magnetic field compared
to zero magnetic field. However, these results showed the
average difference value. Fig. 2 describes the difference for
each patient in the PTV dose volume analysis. Comparison of
the PTV structure for low magnetic field with respect to the
zero magnetic field showed maximum deviations in the order
of 2% and 4 Gy. Table 1 demonstrates the analysis of the

average dose volume difference for PTV.
2. Dose distribution change in OARs

Table 2 demonstrates the analysis of the average dose vol-
ume difference for ipsilateral lung, contralateral lung, and
heart. There was no average difference of Dmean in ipsilateral
lung and Va9 gy in heart. The average difference of the volume
Vi gy was —0.120.2 Gy (p=0.116) in ipsilateral lung, and —0.1+
0.4 Gy (p=0.312) in contralateral lung. In the heart analysis,

the average differences of Diean and Dpean are 0.1£0.3 Gy
(p=0.359) and 0.4t1.8 Gy (p=0.484), respectively. In these

OARs analysis, the significant difference was not observed.

Fig. 1. The comparison of dose distribution for (a) with magnet field and (b) without magnet field in the case of PBI patient with

a magnet field (Bo).
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Table 1. The average dose volume analysis for PTV.
Analysis With Magnet Without Magnet Difference value p-value
Dinean (Gy) 40.7+0.4 40.6+0.4 0.1+0.1 0.003
Duin (Gy) 30.4+10.0 28.7+9.6 1.7+1.8 0.011
Dinax (Gy) 44.0+0.5 43.9+0.4 1.0+0.3 0.351
Voos (%) 99.9+0.1 99.5+0.5 0.4+0.4 0.025
Vosy (%) 98.9+0.6 98.1+1.2 0.8+0.8 0.01
Viors (%) 39.7+10.7 39.0£10.9 0.7+0.8 0.013
Table 2. The average dose volume analysis for organs at risk (OARs).
OAR Analysis With Magnet Without Magnet Difference value p-value
Ipsilateral lung Diean (Gy) 7.7+1.8 7.7+1.8 0.0+0.04 1.000
Vo cy (%) 6.8+4.2 6.9+4.3 —0.1£0.2 0.116
Contralateral lung Dinean (Gy) 21+1.0 2.2+1.0 —0.1£0.4 0.312
Heart Dinean (Gy) 4.7+3.8 4638 0.1+0.3 0.359
Diax (Gy) 23.5+11.1 23.1+11.8 0.4+1.8 0.484
Vo cy (%) 21437 2137 0.0+0.01 0.221

3. Dose distribution change near the body surface

Table 3 demonstrates the analysis of the average dose dif-
ference for shell structures. Despite small deviation values, the
average difference of mean dose values showed significant dif-
ference (p<0.001), but there was no difference of point mini-
mum dose values in both sehll structures. The average differ-
ence Of Dmax was 0.210.4 Gy (p=0.143) in the inner shell
structure. However, the largest deviation for the average differ-
ence of Dpa in the outer shell structure was 5.0+10.5 Gy
(p=0.148). Fig. 3 describes the dose distribution in saggital im-

ages between with the magentic field and withtout magnetic

field. A logitudinal magentic field shows dose deposition out-
side the body since the secondary electrons scattered from the
body and generated in the treatment head travel in the direc-

tion of the magnetic field.
Discussion

The ViewRay® treatment planning system uses two methods
of MC dose computation algorithms of with magnetic field
and without magnetic field. Both MC algorithms adopt the
same techniques to perform a highly optimized simulation of

the photons using a variety of variance reduction techniques.'”
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Table 3. The average dose analysis for shell structures.

Structure Analysis With magnet Without magnet Difference value p-value
Inner shell Dmean (Gy) 1.53+0.5 1.49+0.5 0.04+0.01 <0.001
Din (Gy) 0.0+0.0 0.04£0.0 0.0£0.01 0.176

Dumax (Gy) 42,5418 42.3%1.6 0.240.4 0.143

Outer shell Diean (Gy) 1.17+0.4 1.04+0.4 0.13+0.1 <0.001
Duin (Gy) 0.0+0.0 0.0£0.0 0.0£0.01 0.221

Duax (Gy) 37.5+13.1 32.546.6 5.0+10.5 0.148

The MC algorithm without magnetic field tracks only the pho-
tons through the patient geometry without considering the
magnetic field. However, the MC with the magnetic field in-
cludes the effect of the magnetic field when tracking charged
particles. When a photon beam irradiates without a magnetic
field, charged particles travel into media and produces a large
number of electrons in a predominantly forward direction.
These electrons deposit dose along their path.lg’lg) However,
the secondary electrons in the presence of the magnetic field
are deflected by the Lorentz force. The electrons travel in a
series of arc-shaped trajectories, no longer a helical trajectory,
in tissue or water. If the scattering electrons enter into the
low-density media like air, their helical trajectories can be ful-
filled again and these electrons return into tissue with longer
mean free path. This phenomenon is called the electron return
effect (ERE).ZO) The return of secondary electrons into the tis-
sue causes dose increase at all tissue-air boundaries. Esmaeeli
et al. studied the effect of the uniform high magnetic field on
dose distribution in the breast radiotherapy and concluded that

the magnetic field can reduce significantly the dose to the in-

Fig. 3. The dose distribution in
saggital image between (a) with
magent field (Bo) and (b) without
magnet field.

ternal and contralateral tissues and increase it to the PTV.”” In
our study, the effect of the magnetic field on dose distribution
was not significantly observed in internal tissues and in PTV.
Outside the body, however, there was a noticeable dose in-
crease along to the magnetic field direction. Esmaeeli et al.
used the high magnet field of 1.5 T and 3.0 T, and a 6 MV
opposed parallel beams described as being tangential to the
chest wall. These parallel beam easily caused ERE, which re-
duced dose in lung as low-density media close to chest wall
as the dense one. In our study, with low magnetic field of
0.35 T, the multiple direction of photon beams was used for
IMRT plans decentered the secondary electrons deflected by
the Lorentz force. Furthermore, in the ViewRay® treatment
planning system, the default history setting will achieve about
1% statistical uncertainty for a dose grid of 0.3 cm. The dif-
ferences for dose and volume analysis within the body were
included on this statistical uncertainty. There was no consid-
erable difference (p>0.05) between with magnetic field and
without magnetic field excluding Dmean and Dpin in PTV and

Dinean in both shell structures. The scope of this study was lim-
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ited in the single treatment site of PBI and relatively a small
sample size. Further studies are necessary in order to confirm
the effect of low magnetic field on dose distribution based on
various treatment sites and measurements with large sample

sizes.

Conclusion

The effect of the magnetic field strength of 0.35 T on dose
deposition by a Co-60 beam was not significantly observed
within the body for PBI IMRT plans. The dose deposition was
only appreciable outside the body, where a dose buildup due
to contaminated electrons generated in the treatment head and

scattered electrons formed near the body surface.
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